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Abstract

Early sensitive and specific cancer biomolecule detection play a vital rule in life science and in
biosensor. Recently, nanozymes that exhibit enzyme mimicking catalytic activity have been
immensely used in molecular biosensor as an alternative to natural enzymes. Herein, I report a
starch-assisted method for the synthesis of a novel class of carboxyl group-functionalized iron
oxide nanoparticles(C-IONPs) that emerged peroxidase mimicking activity and follow Michaelis-
Menten kinetics. Scanning electron and transmission electron microscopy analysis revealed that
the nanoparticles possess a spherical shape with an average size of around 250 nm. Raman and
X-ray photoelectron spectroscopy spectra reveal that nanoparticles surface is coated with COOH
group. We demonstrated that C-IONPs can bind biomarkers in complicated mixtures, allowing
for fast magnetic separation and improved electrochemical detection of cancer biomarkers
particularly for methylated DNA and exosomes from cancer cells. Our study revealed that a
straightforward approach for the direct isolation and measurement of disease-specific exosomes
and methylated DNA was developed using C-IONPs. The Chronoamperometric analysis revealed
that the approach has an excellent specificity for OVCAR3 cell-derived exosomes (linear dynamic
range, 6.25 x 105 — 1.0 x 107 exosomes/mL; detection limit, 1.25 x 106 exosomes/mL) with a
relative standard deviation of <5.0% (n=3). I believe that this approach is a promising candidate
for the development of advanced exosome biosensing assays for various clinical applications.
And a differential pulse voltametric (DPV) examination of the electroactive indicator
[Ru(NH3)6]** bound to the surface-adsorbed DNA yielded an electrochemical estimate of the
amount of DNA adsorbed on the electrode surface, which correlates to the DNA methylation level
in the sample. Using a 200 ng DNA sample, the assay could successfully detect as low as 5%
differences in global DNA methylation levels with high reproducibility (relative standard
deviation (% RSD) = <5% for n = 3). The method could also be used to detect different amounts
of global DNA methylation in synthetic samples and cell lines in a reproduce able manner. The
approach does not require bisulfite treatment, does not rely on enzymes for signal creation, and
can detect global DNA methylation without PCR amplification using clinically relevant amounts
of sample DNA. I believe that this proof-of-concept technology could have used in point-of-care

settings for liquid biopsy-based global DNA methylation analysis.
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CHAPTER ONE

1 Introduction

Early detection of diseases, particularly cancer, requires an ultrasensitive and easy
technique for detecting and measuring disease-specific biomolecules. Cancer is
considering one of the leading causes of death in the modern world. Cancer is an
excessive complicated and variable disease and has a substantial social and economic
impact on individuals, families and the community. According to WHO, in 2018, globally
approximately 9.6 million people were died from cancer and detected 18.1 million new
cases. According to the statistics, by the year 2040, around 27.5 million new cases will
be detected globally. Also in Bangladesh, 2018, total cancer affected people was about
150 thousand and died around 108 thousand that means 72% of people could not survive.
Thus, early detection of cancer biomarkers is crucial to increase the survival rate. It is
known that cancer and pathogenic infections present their signature biomarkers (e.g.,
DNA methylation, exosomes, circulating tumor DNA, microRNA) in the peripheral
circulatory system which can be used as diagnostics, prognostics and therapeutic
markers[1-2]. The concentration of these biomarkers in the peripheral blood or other
bodily fluids (saliva, urine, etc.) is extremely low at the early stages of the disease [2].
Over the past several decades, electrochemical biosensors have successfully been used in
detecting a range of molecular and cellular biomarkers in the fields of biomedical,

biotechnology, and environmental sciences.

Electrochemical biosensor, a subclass of chemical sensors, is a miniature device that
produces a measurable electrical signal which is directly related to the analyte
concentration in the sample matrix. These devices apply the analytical power of
electrochemical techniques with the high specificity and selectivity of biological
recognition processes. An electrochemical biosensor consists of biological recognition
elements (enzyme, proteins, antibodies, nucleic acids, cells, tissues, or membrane
receptors) that specifically interacts with the target of the analyte and uses an electrode
as the transducer to convert the biological change into the quantitative amperometric and
potentiometric response. Depending on the nature and detection mechanism of the
biological recognition process, electrochemical biosensors can be divided into two main

categories: biocatalytic devices and affinity sensors.
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Figure 1.1Global cancer incidences, causes and future predictions

Biocatalytic devices employ enzymes, cells or tissues as immobilized biocomponents and
utilize the enzyme-target reaction to produce electroactive species. While affinity sensors
employ antibodies, membrane receptors or nucleic acids and utilize the interaction
between bioreceptor and analyte to create measurable signal. Immunosensors,
aptasensors, DNA sensors, and genosensors are example of affinity biosensors. Most
importantly, the electrochemical detection system is amenable to miniaturization and
offers other advantages such as simplicity, cost-effective nature, high sensitivity and
specificity [3]. Recently, nanozyme-based electrochemical biosensor provides a suitable
platform that facilitates the formation of probe-target complex (i.e., specific recognition
event) in such a way that the binding event triggers a useable signal for electrochemical
readout [4]. As shown in Fig 1.2, biorecognition and signal transduction are two critical
elements in the fabrication of electrochemical biosensors, and nanozyme have played an

essential role in this regard.

The term “nanozymes” was first introduced by Pasquato and co-workers in 2004 to
describe the ribonuclease-like activity of triazacyclononane functionalized gold

nanoparticles (NPs) in the transphosphorylation reaction [5]. The definition of nanozyme
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Figure 1.2 Schematic representation of the nanozyme’s catalytic activities and its
application in the electrochemical biosensor. Nanozymes can be functionalized with a
range of receptor probes (e.g., complementary capture probes for DNA and RNA targets,
antibodies for proteins, etc.) by conventional surface modification procedures. The probe-
functionalized nanozymes can capture the targets (e.g., pathogen, cancer cell, exosome,
nucleic acid) via the specific interaction between nanozyme-bound probes and targets.
The nanozymes-attached targets can then be quantified electrochemically or optically
(i.e., naked eye and UV-visible) via an ELISA-type sandwich immunoassay or sandwich
hybridization method.

has been solidified as enzyme-mimicking nanomaterials after the demonstration of
intrinsic peroxidase-like activities of magnetite (Fe3Os) NPs in 2007 [6-7]. Since then,
hundreds of nanomaterials have been reported with enzyme-mimicking properties along
with diverse applications. Nanozymes have shown considerable superiorities over natural
enzymes due to their high and tunable catalytic activities, ease of modification, large
surface area, low cost, and large-scale production. As such, nanozymes are widely
regarded as direct alternatives to natural enzymes. Fig.1.3 summarizes the unique features

of nanozymes and their applications in electrochemical sensors.
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Figure 1.3 Schematic presentation of the typical enzyme-mimetic activities of
nanozymes, their advantages, and limitations compared to natural enzymes,
recommended strategies to improve their substrate specificity, and their applications in
electrochemical biosensors.

Along with enzyme-mimic activities, optical, electrical, and magnetic properties of
certain nanozymes are ideal for most analytical applications. These characteristics greatly
facilitate the integration and automation of multiple processes such as separation and
detection procedures of molecular targets with immensely high speed, leading to a
decrease in the preparatory steps and required time [6,8-9]. In electrochemical biosensors,
nanozymes can be used in two ways: (i) as an electrode material for biomarker sensing or
(1) as a tracing tag for signal amplification. As an electrode material, nanozymes have
widely been used to fabricate the third and fourth generations of glucose sensors [10] as
well as to detect cancer cells [11-12]. High surface area and high-density capture sites of
the nanozymes could allow enhanced loading of the electroactive species at their surfaces,
resulting in improved electrochemical responses. For example, Wang et al. used

peroxidase-mimicking graphene-supported ferric porphyrin as a tracing tag for signal
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amplification in detecting DNA [13]. High loading of porphyrin on both sides of graphene

oxide (GO) offered at attomolar-order of sensitivity.

Tremendous advancements in nanotechnology have contributed significantly to the
unprecedented growth and applications of nanozymes in biosensing. The most common
nanozymes used in sensing systems include metal NPs (e.g., Au NPs, [14-16] Pt NPs,
[16-20] Pd NPs[16-21]), metal oxide NPs (e.g., CeO2> NPs, CuO NPs, BiFeO3s NPs,
CoFe>O4 NPs), carbon-based nanomaterials (e.g., carbon nanotubes (CNTs), and
graphene oxide (GO)). In general, nanozymescan oxidize a variety of chromogenic
substrates  (e.g.,  3,3'.5,5'-tetramethylbenzidine ~ (TMB), 2,2'-azino-bis  (3-
ethylbenzthiazoline-6-sulfonic acid)(ABTS), 3,3'-diaminobenzidine (DAB), and o-
phenylenediamine dihydrochloride (OPD)) in the presence of hydrogen peroxide (H20»)
and produce a distinguishable color. This concept has already been proved useful to detect
not only H>O; but also other biologically relevant molecules like glucose or lactate when
it becomes a part of cascade enzymatic reactions or tandem catalysis by a hybrid
nanozyme. A hybrid nanozyme can be made through assembling either glucose oxidase
(GOx) or oxidase-like nanozymes on the surface of iron oxide nanozyme or with other
peroxidase mimics [22]. Integration of two or more nanozymes could improve the
catalytic efficiency by enhancing the proximity effect, i.e., the first enzymatic reaction
occurs in close (nanoscale) proximity to the second enzyme, thereby overcoming the

limitation of diffusion-limited kinetics and intermediate instability [22].

Common Nanozymes for Biosensors

Intense research and investigation have been conducted to reveal the nanozyme activities
of various nanostructured materials. Until now, several nanomaterials have been reported
to have catalytic activities similar to peroxidase, oxidase, catalase, and superoxide
dismutase (SOD). Based on the reaction mechanism, nanozymes can be divided into two
main families [8]: (1) oxidoreductase family and (ii) hydrolase family. Oxidoreductase
nanozymes catalyze the oxidation reaction, where reductants and oxidants work as
electron donors and acceptors, respectively. Over the past several years, grapheme and
AuNPs-based nanozymes have been demonstrated to possess excellentperoxidase-like
activity to catalyse the oxidation of many substrates, such as TMB and ABTS in the
presence of H>O» [8]. It has also been shown that other metallic nanoparticles have
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oxidoreductase activities. For example, Tremel et al. reported that MoO3 nanoparticles
work as nanozymes for the oxidation of SO3> to SO4* under physiological conditions
[23]. On the other hand, hydrolase nanozymes catalyze the hydrolysis reaction by
cleaving chemical bonds. In this process, a larger molecule dissociates into two smaller
molecules. For instance, gold nanoparticles have widely been used as common hydrolase

nanozymes to catalyse hydrolysis reactions [24-26].

In terms of the free radical scavenging capability, nanozymes can also be categorized as
(i) antioxidants and (ii) pro-oxidants [27]. In biological systems, pro-oxidant induces
oxidative stress by producing free radicals. For example, the presence of transition metal
can produce hydroxyl radical (HO®) by Fenton chemistry [28]. Therefore, certain
peroxidase or oxidase involved in the reaction of free radical generation could be regarded
as pro-oxidant [27]. On the contrary, antioxidant nanozymes clean up or scavenge free
radical by using catalase- or SOD-like activities [27]. SOD-mimetic catalyzes the
dismutation of superoxide anions into hydrogen peroxide, which in turn, can be converted
to molecular oxygen and water through catalase-like nanozyme. On the other hand,
peroxidase-like may convert hydrogen peroxide into a hydroxyl-free radical and oxidized,
and produced colored product. Similar colored products may also be produced by
oxidase-like nanozyme through direct oxidation of a chromogenic substrate. Fig. 1.4
summarizes the classification of nanozymes based on both the reaction mechanism and

free radical generation/scavenging.

Among the oxidoreductase nanozymes, peroxidase and oxidase-mimicking
nanomaterials are mostly explored for electrochemical biosensors. The common
nanomaterials with peroxidase mimetics includes metal nanoparticles (AuNPs [29],
PdNPs[30]), metal oxides (Fe203[31-32], Au-NPFexOsNC [33-34], FesOs MNP [35],
CeO2/NiO [36], and CuO[37]), core-shell nanostructure (Au@Pt [38]), dendrite
(dealloyed-AuNi@pTBA [39], Cu—Co alloy dendrite [40]), carbon-based composite
(GO-AuNP [41], His@AuNCs/rGO [42], PtNPs decorated CNT [43]), and metal-organic
frameworks (MOFs). Unlike other nanomaterials, MOFs have drawn enormous interest
as a new class of nanozymes due to their uniform cavities which are likely to provide

biomimetic active centers and enzyme-like pseudo-substrate-binding pockets [44].
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Nanozyme as a Substitute of HRP

The enzyme-linked immunosorbent assay (ELISA) is the most routinely used technique
for detecting and quantifying peptides and antigens. In ELISA, an enzyme-linked primary
antibody (direct ELISA) or secondary antibody (indirect or sandwich ELISA) specifically
recognizes an antigen. Until now, HRP is the most widely used enzyme reporter in
ELISA. It catalyzes the oxidation of TMB in the presence of H>O: to produce a
colorimetric signal, and the intensity of the signal is proportional to the recognized
antigen concentration. Despite having many advantages including high substrate
turnover, small size, and facile conjugation ability with other biological receptors, HRP
suffers several drawbacks. The major drawback associated with HRP is its low tolerance
to many preservatives such as sodium azide that inactivates peroxidase activity even at
low concentrations. It also undergoes proteolytic degradation, and its enzymatic activity
is limited to a narrow range of pH and temperature. Moreover, conventional ELISA lacks
sensitivity to detect ultra-low concentrations of biomolecules, especially in the early
stages of the diseases [46]. To overcome these limitations, numerous nanostructured
materials based nanozymes including MOFs based hybrid nanozymes (described above),
have been developed, which are believed to be direct surrogates of HRP [47]. For
instance, Ruan et al. reported the third generation of 2D GO/Fe-MOF hybrid nanozymes,
named nanozyme nest, which was used in a conventional sandwich ELISA to detect
benzo[a]pyrene-7,8-diol 9,10-epoxide"DNA adduct (BPDE-DNA), a woodsmoke
biomarker found in the blood [48]. This method showed enhanced sensitivity for the
oxidation of TMB by dual peroxidase active nanozyme nest (Fe-MOF and GO) (fig.
1.5).The value of Michaelis-Menten constant, Km, (0.3599mM for nanozyme nest vs.
0.4072 mM for HRP) clearly revealed that nanozyme nest offers higher TMB affinity
than that of HRP. Importantly, this hybrid nanozyme reports a lower LOD value
compared to that of the HRP, suggesting the better sensitivity of nanozyme nest over HRP

in detecting biomolecules [48].

The peroxidase-like activity of nanozyme can be increased via rational design of
nanostructured materials as multifunctional nanozymes. Heteroatom doping and
sequence of doping are two effective ways to increase the peroxidase-like activity and

specificity of nanozymes. For instance, up to a 100-fold increase in catalytic activity
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Figure 1.5 Ultrasensitive ELISA in the determination of DNA by using Nanozyme nest
[48].

has been reported for the nitrogen-doped (N-doped)reduced graphene oxide (N-rGO)
nanozymes in compared to the reduced graphene oxide (rGO) alone [49]. Density
functional theory (DFT) calculation revealed that N-rGO selectively activates H>O> over
Oz and *O2" and forms stable radical oxygen species adjacent to N-doped sites. These
radical oxygen species, in turn, oxidize peroxidase substrates (e.g., TMB) and offer
enhanced responses. In another study, Kim et al. showed 1000-fold higher catalytic
efficacy (kca/Km) of N and B co-doped reduced graphene oxide (NB-rGO) compared to
that of the rGO alone. The catalytic performance of this material is very similar to that of
the natural HRP. They have also demonstrated that the sequence of doping of the
heteroatoms in the nanostructure materials could significantly affect the catalytic efficacy
(kcaKm) of nanozymes. For example,the catalytic activity of BN-rGO resulted in ~30%
lower kcae compared to that of the NB-rGO [45]. High surface to volume ratio, n-m and
hydrophobic interactions assist NB-rGO to acquire stronger affinity towards substrates

(e.g., TMB) than that of HRP. Due to this property, NB-rGO nanozymes were able to
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detect C-reactive protein (CRP), a reliable biomarker for inflammation, tissue damage
and cardiovascular disease, via the oxidation-dependent rapid color change of TMB
within 3 minutes. In contrast, HRP-based ELISA needs at least 10 minutes. It also shows

three-times lower LOD (~5ng/mL of CRP) than that of HRP [45].
Applications of Nanozymesin L ateral-flow | mmunodetection

Lateral-flow immunostrip (i.e., nanozyme-strip), a paper-based biosensor, is considered
as one of the excellent demonstrations for (point of care) POC testing of biomolecular
targets because of its operational simplicity, rapid analysis, naked-eye detection and low
cost. Generally, lateral flow biosensors are composed of a sample pad, a conjugate pad, a
nitrocellulose membrane containing test and control lines, and an absorbent pad. Many
nanozymes have been integrated into this form of assay. For example, Duan et al. reported
a Fe3O4 magnetic nanoparticle (MNP) based immunochromatographic strip to detect
glycoprotein of ebolavirus (EBOV) [50]. In this assay, MNP conjugated detection
antibody (anti-EBOV) recognizes EBOV, which in turn forms a sandwich complex with
the capture antibody in the test line. After the formation of immunocomplex, oxidation of
the peroxidase substrate develops color for visual observation, indicating the presence of
EBOV. Pre-processing the sample with immunomagnetic separation offered an additional
sensitivity to the EBOV analysis. Overall, this strip demonstrates 100-fold higher
sensitivity over the standard colloidal AuNPs based strip with the LOD of 1 ng/mL of
glycoprotein (=240pfu/ml). This method requires less than half an hour [50] and it is

sensitive enough to detect Ebola at onset of symptom:s.

Recently, porous platinum core-shell nanocatalysts (PtNCs) based immunostrip has been
developed to detect p24 HIV capsid protein, a reliable marker for HIV diagnosis (Fig.
1.6). In this assay, both target specific antibody-functionalised PtNCs and orthogonally
biotinylated camelid antibody fragments (nanobody-biotin) are designed to recognize the
distinct regions of target p24 protein [51]. In the presence of a test sample (i.e., serum or
plasma contacting p24 protein), p24 protein-bound PtNCs become biotinylated through

complexation with the biotinylated nanobody fragments.
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Figure 1.6(a). Antibody functionalized Pt nanocatalysts (PtNCs) and biotinylated
nanobody. (b) Site-selective chemical modification of a nanobody with an exposed
cysteine mutation (red), where lysine residues are highlighted in orange on the structural
model (left and cartoon of oriented elements at the streptavidin test line. (C) Comparison
of dynamic ranges of 4™ generation LIFA, ELISA and PtNC LIFA. Reprinted from Ref
[51].

At the polystreptavidin-coated test line, rapid high affinity biotin-streptavidin binding
enables a target dependent deposition of biotinylated p24 protein-bound PtNCs complex.
PtNCs bound at the test line catalyze the oxidation of 4-chloro-1-naphthol/3,3'-
diaminobenzidine, tetrahydrochloride (CN/DAB) substrate in the presence of H>O»
producing an insoluble black product that is clearly visible with the naked eye. This
method allows the detection of acute-phase HIV in clinical human plasma samples in

under 20 min.
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Application of Nanozymesin Colorimetric Sensor

Colorimetric detection of an analyte has the advantage of providing a fast response (color
change) to obtain visual observation (naked eye) and subsequent UV-visible
quantification. An advantage of naked-eye detection is that it can be employed as a first-
pass screening test for rapid diagnosis of diseases. Once positive results are obtained, UV-
vis or other quantities measurements (i.e., electrochemical detection) could be performed
to quantify the level and severity of diseases to determine the treatment options,
management strategy, which could significantly reduce the cost and time associated with
the disease diagnosis and management. This feature of colorimetric sensors makes it
suitable for developing rapid and inexpensive screening tools in the fields of medicine
(i.e., detection of disease-specific molecules, proteins, and cells), biotechnology, and
environmental sciences. As peroxidase mimic nanozyme can oxidise chromogenic
substrates (e.g., TMB, ABTS, and OPD) and produce a color in the presence of H20», it
can directly detect H2O: or other H,0O> producing substrates (e.g., glucose).

The Peroxidase-like activity of both the iron oxide nanocomposites (e.g., PDDA coated
Fe3sO4 MNPs [52], mesoporous silica encapsulated Fe3Os MNPs [53], Fe304-GO
composites [54], CeOz-coated hollow Fe3O4 nanocomposites [55]), and iron-containing
nanomaterials (e.g., assembling hemin in ZIF-8) have widely been used for glucose
detection. In all the cases, these materials were combined with GOx and synergistic effect
of these two enzymes was the key factor in achieving high sensitivity and superior
analytical performance in biomolecular sensing. Again, the sensitivity of glucose
detection can also be increased by introducing pores to the iron oxide nanoparticles as it
increases the effective catalytic surface area and exposes the metal ions to the surface.
For instance, Masud et al. detected glucose concentration as low as 0.9 uM with the
mesoporous iron oxide (y-Fe>0s3), which is ten-times more sensitive than that of the assay
with the ZIF-8 (NiPd) nanoflowers [56]. In addition to porosity, oxidation state of the
metal could also influence the nanozyme activity. LaNiOs; perovskite with Ni**
demonstrated 58-fold and 22-fold higher peroxidase activity than that of perovskite with
Ni** (e.g., NiO nanoparticles) and N° (e.g., Ni nanoparticles) oxidation states,
respectively. In addition to porosity, oxidation state could influence the activity of

nanozymes. LaNiOs perovskite with Ni** demonstrated 58~fold and 22~fold higher
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peroxidase activity than that of nanoparticle with Ni** (e.g., NiO nanoparticles) and N°
(e.g., Ni nanoparticles) oxidation states, respectively. The superior activity of these
nanozymes facilitated the colorimetric assays of H»O, glucose, and sarcosine [57].
However, as described by Wang et al., the occupancy of €, orbitals of the central metal

ions may affect the peroxidase-like activity of perovskite nanozyme.

Modulation of peroxidase-like activity of nanozymes via interacting with molecules and
ions present in biological systems can be used to detect biomolecular targets. Shah et al.
used the interaction of AuNPs nanozymes with ATP, ADP, carbonate, sulphate and
phosphate ions and the resultant peroxidase-like activity was calculated [58]. It was
shown that compared to ADP, phosphate, sulphate and carbonate ions, the incorporation
of ATP in the system could significantly enhance the nanozyme activity of AuNPs
nanozymes. On the contrary, surface passivation of citrate-capped AuNPs with DNA
aptamer inhibits peroxidase substrate to reach the AuNPs surface, thereby attenuates their
nanozyme activity. However, when the aptamer binds to its specific targets, it leaves the
AuNPs surface and reactivates the nanozyme activity. Based on this phenomenon,
Weerathunge et al. used AuNP-aptamer transducer to detect murine norovirus with a
detection limit of 3 viruses (~30 viruses/mL) within 10 min [59]. As the method can be
used for other aptamers (i.e., it is not limited to any specific aptamers), this AuNPs

nanozyme-based sensor can be adopted for the detection of other viruses.

Application of Nanozymesin Fluor escence Sensor

A fluorescence sensor consists of the emission of light by a material (fluorophore) after
being excited at lower wavelengths and the intensity (or lifetime) of that emission varies
with the concentration of the target analyte [60]. In this type of sensor, nanozyme converts
a non-fluorescent substrate into a fluorescently active one by catalysing hydrolysis or
oxidation reaction. For instance, it was reported that iron and nitrogen-incorporated CNTs
that were grown in situ on 3D porous carbon foam (denoted as Fe-Phen-CFs) possesses a
peroxidase-like activity, which could oxidise terephthalic acid (TA) to the fluorescent
product of hydroxyl terephthalate(HTA) in the presence of H>O> and can be used as a
unique strategy for fluorescence detection of H>O» [61]. However, similar to other

peroxidase-mimic nanozymes, Fe-Phen-CFs needs to be coupled with GOx. The method
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showed excellent sensitivity towards the detection of H>O; and glucose with a detection

limit of 68 nM and 0.19 mM, respectively.

In recent years, the ratiometric fluorescence sensor has gained popularity because of its
built-in self-calibration for signal correction, enabling more reliable detection. It also
enables more accurate imaging contrast, which often leads to higher detection sensitivity.
Ratiometric fluorescence sensor can effectively overcome most of the issues associated
with false positive results in traditional fluorescence sensing by introducing another
fluorescence emission band to achieve ratiometric signal readouts [62-63]. Very recently,
this sensor has been used for the detection of H2O2 and glucose. Briefly, the peroxidase-
like activity of ruthenium ion/carbon nitride (Ru—C3N4) nanosheets catalyses OPD to
fluorescent DAB which exhibits emission at 565 nm. Meanwhile, fluorescence emission
at 455 nm by Ru-C3N4 decreases or quenches due to the inner filter effect of the generated
DAB. Via this method, an excellent sensitivity and selectivity to serum glucose in the

presence of common interferences were obtained [63].

Applications of Nanozyme in Electrochemical Biosensors

Over the past several decades, electrochemical biosensors have successfully been used in
detecting a range of molecular and cellular biomarkers in the fields of biomedical,
biotechnology, and environmental sciences. Therefore, highly sensitive and specific
analysis/detection methods are required.To achieve this goal, nanozymes-based catalytic

signal amplification strategy for bio molecules detection is one of the promising options.

1.1.1 Genosensor

Detection of specific nucleic acid (DNA or RNA) sequences has proved their utility in
molecular diagnostics, pathogen detection and nanomedicine (nanoscience and
nanotechnology) applications in the life and health sciences. It is known that many
malignant diseases (e.g., cancer) and pathogenic infections present their signature nucleic
acid markers (e.g., circulating tumor DNA, microRNA) in the peripheral circulatory
system which can be used as diagnostics, prognostics and therapeutic markers [1,64]. In
electrochemical nucleic acid biosensor, sensitivity can easily be enhanced via
incorporating catalytic hairpin assembly (CHA) combined with nanozyme label-based

redox cycling signal amplification. As outlined by Hun et al., CHA was used to form a
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double stranded DNA on a AuNPs modified electrode [65]. Initially, hairpin H1 was
immobilized onto AuNPs modified gold electrodes and in the presence of the target DNA,
the stem-loop structure of H1 opened due to binding to the target DNA and formed a
double strand product with 21 base hybridizations. This triggered in the opening of the
second hairpin and formed the partially complementary dsDNA with 39 base
hybridizations. This step released the target DNA which could be recycled and used for
opening another HI. In the second step, DNA probe functionalized Au@PtNPs
nanocatalyst was hybridized with the electrode attached DNA. Au@PtNPs can catalyze
the reduction of p-nitrophenol (PNP) top-aminophenol (PAP) in the presence of NaBHa.
The generated PAP was electrooxidized to p-quinone imine (PQI) by ferrocenecarboxylic
acid (FCA) in the solution. The produced PQI was then reduced back to PAP by NaBHa,
leading to the redox cycling between PAP and PQI. As a result, an enhanced
electrochemical response produced which allows achieving a high sensitivity with 3-
orders of magnitude higher than that of AuNP labels alone. This sensor was able to detect
as low as 0.3aM DNA. In another strategy, Ling €t al. reported an electrochemical DNA
quantification method based on nanozyme activity of MOF nanostructure and allosteric
switch of hairpin DNA (Fig.1.7) [66]. Initially, glassy carbon electrode was
functionalized with the streptavidin (SA) aptamer sequence of a hairpin DNA. Due to its
loop structure, electrode-bound hairpin DNA is inaccessible to SA attached conjugates.
Upon the addition of target DNA, the loop bound to the target sequence and unfolded the
stem of hairpin DNA, making it accessible for SA attached conjugates to form a structure
with the combinative SA aptamer. The surface-bound activated DNA selectively bound
with the SA coated FeTCPP@MOF via specific interaction between SA-apatamer and
SA. Nanozyme activity of FeTCPP@MOF was then used to catalyse the oxidation of o-
phenylenediamine (0-PD) in the presence of H>O». This assay demonstrates a good
performance for the detection of DNA with a LOD down to 0.48 fM, the 6-order
magnitude linear range, single mismatch differentiation ability, and practical application
in complex samples. This study opens up a new direction of functionalized MOF as
nanozymes for signal transduction in electrochemical biosensing and shows better
enzymatic activities due to their natural enzyme-like metal center and porous

nanostructure.
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Figure 1.7(A) Synthesis of FeTCPP@MOF nanozymes followed by covalent coupling
with streptavidin (SA) to form FeTCPP@MOF-SA composite and (B) Target binding
initiates allosteric switch of the hairpin probe allows FeTCPP@MOF-SA to recognize the
probe and o-PD oxidation provides the electrochemical signal. Reprinted with permission
from Ref [66].

MicroRNAs (miRNAs) are small (~17-25 nucleotides long), single-stranded noncoding
RNA molecules that suppress the expression of protein-coding genes by translational
repression, messenger RNA degradation, or both and involved in early events in disease
progression. The nanozyme based electrochemical miRNA sensor provides rapid analysis
along with adequate sensitivity. Li et al. developed a miRNA sensor to detect miRNA-
122 [67], a biomarker of drug-induced liver injury. The nanozyme activity of palladium
nanoparticles-based MOF nanohybrids was used. The nanohybrid enzymes were utilized
both as nanocarriers to immobilize a large amount of biotin-labeled signal probes (H2)
and as tracers to quickly catalyze the oxidation of TMB in the presence of H2Oz. The

target miR-122 was sandwiched between the tracers and electrode-bound thiolated
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capture probes (H1). With the help of target-catalyzed hairpin assembly (TCHA), target
miR-122 triggered the hybridization of H1 and H2 to further released to initiate the next
reaction process resulting in numerous tracers anchored onto the sensing interfaces. Due
to dual signal amplification (e.g., target induced signal amplification and TMB oxidation
by tracer indicator PANPs @Fe-MOF), this method could detect miRNA-122 as low as
0.003 fM in human serum [67].

1.1.2 Cytosensor

Circulating tumor cells (CTCs) have emerged as valuable tool that can provide
mechanistic insights into the tumor heterogeneity, clonal evolution, and stochastic events
within the metastatic cascade. They are regarded as one of the most promising biomarkers
for early diagnosis of cancer. As a general strategy of CTC detection, antibody- or
aptamer-anchored (for aptasensors see Section 1.6.4) nanoprobes are designed to target
abnormal and/or over expressed cell surface receptors (proteins) or other cell surface
components, including glycans, folic acid, and sialic acid. [64,68] However, the low
abundance (1—10 CTCs per 1 billion of blood cells) and inherent fragility of CTCs pose
great challenges for CTC detection. To enhance the sensitivity of CTCs analysis, Tian et
al. has developed an ultrasensitive electrochemical sensor using reduced graphene
oxide/molybdenum disulfide (rGO/MoS2) composites modified magnetic glassy carbon
electrode (MGCE) as a detector, and aptamer modified magnetic Fe3O4NPs as dispersible
capture agents (Fig. 1.8). Cancer cells were attached with the aptamer modified Fe3O4NPs
via aptamer-antigen interaction. The cell-attached conjugates were then magnetically
attached onto the rGO/MoS: composites-modified electrode. An enhanced
electrochemical signal was achieved due to the nanozyme catalytic oxidation of TMB on
rGO/MoS: composites with Fe3OsNPs binanozyme surface. The method was able to
detect 6 MCF-7 cells per mL which showed significant improvement from their previous
report with rGO/AuNPs modified GCE and MUC-1 aptamer modified CuO nanozyme
(LOD 27 cells per mL) [37,69]. Very recently, Alizadeh et al. proposed a “signal-off”
strategy to detect cancer cells. CuO/WQO3 nanoparticle decorated graphene oxide
nanosheets (CuO/WO03-GO) were modified with folic acid (FA), which were then

absorbed on cancer cells via folic acid targeting ligand. In this strategy, peroxidase like-
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activity of CuO/WO3-GO was used to oxidise o-phenylenediamine in the presence of

H>0..
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Figure 1.8 Schematic representation of circulating tumor cell detection using reduced
graphene oxide/molybdenum disulfide (rGO/MoS2) composites modified magnetic
glassy carbon electrode (MGCE) as a detector, and aptamer modified magnetic Fe3O4
NPs as dispersible capture agents. Reproduce from ref [69].

During the interaction between cells and CuO/WO3-GO, some amount of H>O>—OPD
system participated in chemical reaction and removed from the electrode, resulting in a
decrease in the response signal. Using this principle, the authors successfully achieved a

detection limit of 18 cells per mL [11].

1.1.3 Immunosensor

The basis of electrochemical immunosensor is the non-covalent interaction between an
antigen and antibody to form a sandwich-type architecture on the electrode surface. In a
conventional system, enzyme-labelled antibody or antigen amplifies the immune-capture
event that can be quantified by voltammetric or amperometric readout method [64,70]. In

this regard, successful conjugation of antibody or antigen with enzyme is crucial.
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However, most of the standard conjugation, separation and purification methods for
enzyme-conjugated antibody or antigens suffer from expensive, time consuming,
multistep and laborious procedures. For examples, during the conjugation of antibody
with nanozyme, nearly all nanozyme labelled antibody settle down through centrifugation
at relatively lower RPM, which adds an extra degree of complexity to the immunosensor
fabrication process. Nanozyme-antibody conjugation can be achieved via either
electrostatic interactions between them or chemical reactions between the carboxylic acid
(-COOH) or anime (-NH2) groups of functionalized nanozymes with the -NH; or acid —
COOH groups of antibodies. For instance, it was reported that -NH> groups of secondary
antibodies (Aby) electrostatically interacted with Au@Pt (Au-N and Pt-N) of
Co0304@Ce0O2-Au@Pt nanozymes and used as labels in a sandwich-type electrochemical
immunosensor to detect squamous cell carcinoma antigen. This sensor showcased an
excellent sensitivity due to the surface area for Ab, immobilization and the synergic effect
of Co304@Ce02-Au@Pt nanozyme towards H>O; reduction. This assay offered a LOD
of 33 fg per mL [71]. Wei et al also published a similar approach for the quantitative

detection of hepatitis B surface antigen using MoS2 @Cu,0O-Pt nanozymes [72].

Although nanozyme-based sensors are well known for amplifying the readout signals
(i.e.,“signal-on”), they can equally be useful in generating a noticeable change in
electrochemical response in ‘“signal-off” sandwich immunosensing strategies. For
instance, Zhang et al. developed a “signal-off” sandwich immunosensor to detect -
fetoprotein. After the successful immune-recognition of FeS>-AuNPs-Ab; on the
electrode surface, FeS>-AuNPs nanozymes catalyze 4-chloro-1-naphthol in the presence
of H20: to form insoluble precipitation. Thus, a reduced differential pulse voltammetric
response of electroactive nickel hexacyanoferrate nanoparticles (NiHCFNPs) was

observed [73].

Recently Shiddiky group has developed an immunosensor to detect pS3 autoantibody in
serum and highlighted that the method could be adopted for virtually any type of protein
biomarkers. In this method, the surface of a new class of nanozyme, gold-loaded
nanoporous Fe>O3 nanocube (Au—NPFe;O3:NC), was modified with IgG and used them
as labels in sandwich immunodetection of autoantibody. As shown in (Fig. 1.9),

abiotinylated p53 antigen was attached to neutravidin-modified screen-printed carbon
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electrode via biotin-neutravidin affinity interaction. This electrode was then incubated
with the serum sample to capture the target pS3 autoantibody present within the sample.
The IgG/Au—NPFe>O3NC is used to recognize electrode-bound autoantibodies. The
nanozyme activity of IgG/Au—NPFe>O3NC was to adopt an ELISA-based sensing
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Figure 1.9 Schematic representation of naked eye and electrochemical detection of p53
autoantibody where target recognition and electrochemical measurement are operated in

°

Current Density / pA cm=
»
o

two separated electrodes. Reprinted from Ref. [33].

protocol where the oxidation of TMB in the presence of hydrogen peroxide was mimicked
to generate colored complexes for naked-eye observation and electrochemical detection
of target autoantibodies. The electrochemical quantification has been carried out using a
new screen-printed electrode. The most attractive feature of this sensor is that the high
surface area and enhanced nanozyme activity of the Au—NPFe,O3NC offer enhanced
sensitivity (i.e., LOD of 0.08U/mL) in immuno detection of autoantibody in biological

fluids. Although this sensitivity is enough to detect p53 autoantibody in the clinical
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sample, it cannot obsolete the HRP based sensor having a LOD of 0.02U/mL, previously

reported by the same group [33].

1.1.4 Aptasensor

Aptamers are sSDNA or RNA molecules synthesized by SELEX (systematized
exponentially enriched ligands) with a unique two- or three-dimensional structure that

bind to a specific target molecule [75]. Due to their strong affinity (i.e., high specificity
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Figure 1.10 Schematic representation of layer-by-layer (LBL) assembly of the
nonenzymatic nanoprobes NP1 (aptamer) and NP2 (cDNA) and NTH-assisted dual-
aptamer based electrochemical sensor for detection of cTnl. Reprinted from Ref. [78].

to target), small size, excellent stability, and flexibility in modification, aptamers become
a strong competitor of antibody [29-76]. In recent years, nanozyme conjugated aptamers

have been used for detecting whole-cell, pathogen [29], and protein [77-79]. Sun €t al.
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developed a method to detect cardiac troponin I (cTnl), a gold standard marker for acute
myocardial infarction (AML) found in the bloodstream, where nanozymes were used for
catalytic signal enhancement. This sensor was fabricated by immobilizing
nanotetrahedron (NTH) based dual aptamers (Tro4 and Tro6) on the screen-printed gold
electrode [78]. After binding of target (cTnl) aptamers modified Fe;04@UiO-66/Cu@ Au
(nanoprobe-1), it was dispensed on the electrode surface to form super-sandwich-like
structure. Nanoprobe-1 could oxidize HQ in the presence of H>O: through multiple

nanozyme activities attributed to Fe304@UiO-66 and Cu@Au (Fig. 1.10).

Additionally, attachment of super-sandwich and cDNA (complementary to aptamers)
modified Cu@ Au through hybridization forms a cluster-based nanoprobe, which could
further increase the catalytically active sites for the HQ/H20:z system, resulting in a more
sensitive catalytic response [78]. A more sensitive electrochemical assay for the detection
of cTnl was fabricated using co-catalysis of magnetic Fe;O4 nanocarriers loaded with
natural HRP, Au@Pt nanozyme and G-quadruplex/hemin DNAzyme (7.5 vs. 16 pg per
mL) [80]. In both of the cases, NTH helps to maintain a precise orientation of aptamers

on the sensing surfaces, providing native-like microenvironment for cTnl binding.

Recently, gold nanozyme based aptasensors have been developed for detection of
pathogens [59]. In 2019, Bansal group developed an electrochemical sensor for the
detection of Pseudomonas aeruginosa (PA) bacterial pathogen using the nanozyme
activity of AuNPs and high affinity and specificity of a PA-specific aptamer (F23)
[29,59]. The presence of aptamer inhibits the inherent peroxidase-like activity of GNPs
by simple adsorption on to the surface of GNPs. In the presence of target pathogens, the
aptamer leaves the AuNPs surface, allowing them to resume their peroxidase-like
activity, resulting in oxidation of TMB at screen-printed carbon electrode. The method is
sensitive to detect PA with a LOD of ~60 CFU per mL in water within 10 min. The
authors envisaged that this assay might become a generic platform to detect other

molecular and cellular analytes.

Synthesis of Common Nanozymes for Biosensing

Due to the potential applications of nanozymes in electronics [81], therapeutics, optics

[82], catalysis [83] and biosensing [84] applications, there has been a demand for the
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design and synthesis of nanozymes with high peroxidase-like activities. Over the past few
years, many attempts have been made to synthesize nanozymes with well-controlled size,
shape, spatial arrangement, and compositions. These methods can be divided into two
main categories: top-down and bottom-up approaches. The top-down approach is the
solid-state processing of macroscopic materials to nanophasic products. This approach
includes mechanical milling, nanolithography, laser ablation, sputtering and thermal
decomposition. However, the top-down approach is not suitable to make well-controlled
size and shape and may produce many crystallographic defects in the nanostructure. On
the contrary, the bottom-up method follows building up of nanostructures through atom-
by-atom or cluster-by-cluster or molecule-by-molecule approach. It offers nanomaterials
with uniform size, shape, fewer defects and homogeneous chemical compositions. The
bottom-up approach mostly includes processes such as sol-gel, reverse micelle, chemical
vaour deposition (CVD), pyrolysis, biosynthesis, microwave-assisted, and flow synthesis,
and most of these processes refer to as wet chemical synthesis. In the following sections,
we highlight the synthesis of metal oxide, metallic and carbon-based nanozymes with

different size, shape and morphology using top-down and bottom-up approaches.

1.1.5 Synthesisof Metal oxides Nanozymes

Thermal decomposition (also called thermolysis) is a process where chemical bonds of a
compound are subjected to dissociation through thermal energy resulting in the formation
of monodispersed nanoparticles in a single step. Usually, an organometallic precursor is
heated in a high-boiling point organic solvent in the presence of a suitable surfactant, such
as oleic acid, 1- octadecene, 1-tetradecene or oleylamine. As an early attempt to
synthesize monodispersed iron oxide nanocrystals, Park et al. slowly heated iron—oleate
complex in I-octadecene at different temperatures. They observed that temperature
dependence of nucleation and growth kinetics were instrumental in monodisperse
nanocrystal formation. They also reported that metal oxide NPs (i.e., Fe203, CoO, MnO,
FeO@Fe, and MnFe>04) with different sizes could be synthesized by using organic
solvents with high boiling points, namely 1-hexadecene and trioctylamine (i.e., these
solvents have the boiling point of 274°C and 365°C respectively). The high yield (>95%)
and large-scale production (40g) are two characteristic features that have made this

process as state-of-the-art for nanocrystal synthesis [85]. Another study also supported
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that high temperature synthesis leads to the increases of the nanoparticle size due to
comparatively higher reactivity of the metal complex in the solvent [85-86]. However,
the metal oxide NPs with nanozyme activity prepared by this method are usually smaller

in size, crystalline and dispersed only in the organic solvent.

The sol-gel process for metal oxides synthesis is a wet chemistry-based technique, which
is accomplished at room temperature. This method is comparatively cheaper than other
wet chemical methods. In this method, a sol is a stable dispersion of colloidal particles or
polymers in a solvent, and a gel consists of a three-dimensional continuous network,
which encloses a liquid phase. The sol-gel method involves hydrolysis and condensation
of metal alkoxides, leading to the dispersion of metal oxide particles in a sol, followed by
drying or gelling through solvent removal or by using a chemical reaction. This method
consists of several steps, namely hydrolysis, condensation, drying, and thermal treatment

to realize the final product of metal oxide NPs [87-90].

Solvothermal and hydrothermal synthesis methods are other well-established wet
chemical methods to produce metal-oxide NPs. These methods are carried out in an
autoclave or a Parr bomb at high temperature (100 to 1000°C) and high pressure (1 to
10000 bar). The main difference between hydrothermal and solvothermal methods is that
water is used as a precursor solvent for hydrothermal synthesis, whereas organic solvents
are used in solvothermal synthesis. These methods do not require a protective gas
atmosphere and refluxing conditions and are more convenient compared to the
coprecipitation and thermal decomposition methods. Metal oxide NPs obtain in these
methods are highly pure, selective, reproducible and crystalline. Moreover, the crystalline
characteristic of the NPs can be altered by total reaction time. For instance, it was reported
that the transformation of hydrothermally produced iron oxide nanozymes from OD to 3D
structure is time-dependent [91]. Li et al. applied solvothermal reaction to synthesized
metal-ion-doped (such as Sn**, Fe**, Co?*, and Ni**) TiO2 nanocomposites. The size and
shape of the TiO>NPs were controlled by using lauryl alcohol both as solvent and

surfactant for the reaction [92].

Microwave-assisted chemical synthesis process is an alternative wet chemical technique
for the synthesis of metal oxides NPs based nanozymes. Recent evidences suggest that

this method produced NPs with uniform-size and ultrafine-shape. In a conventional
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heating system, it is quite impossible to transfer the heat uniformly to the reactant
precursor. In contrast, microwave-assisted synthesis provides uniform heating and thus
reduces reaction time by increasing reaction kinetics. This method is safe, convenient and
requires less energy for the completion of the reaction because of its fast nucleation and
growth rate. Recently, several metal-oxide based nanozymes have been synthesized by
using the microwave-assisted method. These include ZnO [93], a-Fe>03, B-Fe»03, FezO4
[94], CuO [95], Cu20 [96], Mn304, MnO2 [97], TiO2 [98], and C0304[99]. It is important
to note that the phase and shape of the NPs can be altered by the properties of solvents
used in the method. Guru et al have shown that the synthesis of iron oxide NPs by the
microwave-assisted method could be drastically affected by using different glycols [100].
Three different glycols (ethylene glycol, polyethene glycol and polypropylene glycol)
with the same precursor under the same condition, resulted in three NPs with different

phases (Fe3z0u4, a-Fe>O3, and y-Fe>O3) and shapes (35, 29.9 and 28.2 nm).

1.1.6 Synthesisof Metallic Nanozymes

Metallic NPs are synthesized by a range of physical processes, chemical reductions, and
biological methods. The commonly used physical processes for the synthesis of metallic
NPs include grinding, UV irradiation, microwave irradiation, and laser ablation methods.
Chemical reduction is the most widely used technique where metal salts are reduced in
the presence of a suitable reducing agent [101-102]. Citrate has been used as a reducing
agent for chloroauric acid and silver nitrate to synthesize AuNPs and AgNPs, respectively
[103-104]. Metallic NPs produced by this method have the high tendency to aggregate.
To stop this tendency, stabilizing agents, such as polyvinyl alcohol, poly
vinylpyrrolidone), bovine serum albumin (BSA), citrate and cellulose, are mostly used in
the reduction reactions. The size of the NPs can be tuned by changing the ratio of the
stabilizing agent and the metal salt [105]. In biological methods, non-toxic and
inexpensive microbes are used to produce a variety of metallic NPs with different size,
shape and composition. In summary, biological methods are environmentally friendly,
whereas chemical reduction methods are hazardous and physical process suffers from

high energy input.
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1.1.7 Synthesisof Carbon-based Nanozymes

In this section, the synthesis of graphene oxide, CNTs, carbon nanodots based nanozymes
are discussed. Graphene oxide (GO) is a nonconductive and hydrophilic carbon
nanomaterial. In general, synthesis of GO from graphite is a two-step process [106-107].
In the first step, graphite flakes are oxidized to graphite oxide to have oxygen-containing
functional groups (e.g., epoxy (C—O-C), hydroxyl (OH), carbonyl (C=0) and carboxyl
(R—COOH)) into the basal plane or edge of the graphene sheet. As a result of the oxygen-
containing groups, the interlayer distance in GO expands and makes the atomic-thick
layers hydrophilic as well. In the second step, oxidized layers can be subjected to the
exfoliation under moderate sonication, resulting in releasing GO. In 1859, Brodie first
synthesized GO by adding potassium chlorate to a slurry of graphite in the presence of
fuming nitric acid. This process needs 3 to 4 days to be completed. In 1898, Staudenmaier
improved the Brodie’s protocol by adding concentrated sulfuric acid and fuming nitric
acid followed by the addition of chlorate in the reaction mixture. This method produces
highly oxidized GO. However, these two processes suffer a long reaction time. Most
widely used Hummer’s method, reported in 1958, avoids this disadvantage where high-
quality GO can be produced within 2 h. In this method, graphite is oxidized with KMnOg4
and NaNOs in concentrated H>SO4. Notably, all three methods produce toxic gases: Cl102
(g) and/or NOx (g), the former one is explosive. Later, Tour improved the Hummer’s
method by replacing NaNO3 with a mixture of 9H2SO4:H3PO4. The reaction mixture was
fortified with the doubled amount of KMnO4 as compared to Hummer’s method. This
method does not produce any toxic gas and generates oxidized GO with a more regular
carbon framework and larger sheet size [106,108-110]. Over the past several years, GO
has widely been used to synthesize different hybrid nanostructured materials to produce
a range of GO-based nanozymes. For example, Ruan et al. synthesized GO/Fe-MOF
nanozyme via mixing the negatively charged GO with the positively charged Fe-MOF.
Electrostatic interactions between GO and Fe-MOF hold them together [48]. A similar
phenomenon was used for the synthesis of GO-AuNP nanozymes. During the aging step
of the synthesis, gold ion was adsorbed on the surface of the GO. This step was followed
by a reduction reaction with sodium citrate, resulting in the formation of AuNPs onto the

GO (i.e., GO-AuNP hybrid) [41].
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There are various methods for the synthesis, purifications, dispersion, and
functionalisation of CNT [111]. CNTs are symmetric tubes that are formed from the
graphene sheet. The most commonly used methods for synthesizing CNTs are arc

discharge [112], laser ablation [113], and chemical vapor deposition (CVD) [114].

These materials offer enormous benefits in real world applications. In particular, they are
attractive for uses in bimolecular sensors for environmental and health monitoring [111].
Recent evidences suggest that CNT based materials possess excellent peroxidase-like
activities [115]. Qu et al synthesised oxygenated-group-enriched carbon nanotubes (o-
CNTs) via a one-pot oxidation reflux method [116]. The o-CNTs exhibited enhanced
peroxidase-like activity for the catalytic reaction over a broad pH range. It was used to
catalyse the formation of hydroxyl radical, killing bacteria efficiently and protecting the
tissue against edema and inflammation induced by bacteria infections. Among other CNT
based materials, single-walled carbon nanotubes (SWCNT) and multi-walled carbon
nanotubes (MWCNT) have widely been used to fabricate metal nanoparticle (FesO4,ZnO)
or GO based hybrid nanozymes. Compared with their single component, these hybrid
materials offered enhanced peroxidase-like activities, presumably resulting from the
synergetic effects of metallic nanoparticles or GO and conducting CNT (i.e., SWCNT or
MWCNT)

Carbon nanodots (CD) or carbon quantum dots (CQD) are a novel class of carbon
nanomaterials with size less than 10 nm but can be as small as 1 nm. These materials have
commonly been synthesized by using top-down and bottom-up approaches [117-121].
Each approach has its own advantages and disadvantages. Top-down approaches are
widely used for the synthesis of CD due to the adequate amount of raw material, scaled-
up production and smooth operation. On the other hand, bottom-up approaches give
attractive opportunities to control particle size, shape, and properties. Recently, green
synthesis of CD has become more popular than the conventional hydrothermal,
solvothermal, electrochemical, and electron-beam lithography methods that usually
require toxic chemicals and a large amount of heat energy [122-124]. In green synthesis,
the organic precursor is replaced by biomass materials and does not require external
energy supply [117,125]. It has been shown that CD, CDQ, doped CD/graphene QDs,

and CD/graphene QDs nanocomposites possess peroxidase-like activity. The design,
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catalytic process, property study, and bio sensing application of these materials have also
been discussed in the literature [115,116,126]. These materails have been used in
develpeoing biomolecular sensors for the detection many bilogically and environemntally

significant targets including glutathone [127], glucose [128], and mercury ions [129].

Present remarksin the synthesis of nanozymes to approach biomolecule detection:

It is now well established that the peroxidase-like activity of the nanozymes is mainly
dependent on their surface area to volume ratio (i.e., density of the exposed active sites at
the surface of the nanozymes) as well as their affinity towards the organic substrates such
as TMB and ABTS. The size [130], shape [131], morphology [132], compositions, and
surface modification groups [133-134], of the nanozymes can also influence their
peroxidase-like activities. The growing number of evidence suggests that size, shape,
composition and morphology of the nanostructured materials can be controlled by
changing reaction parameters [87,91] precursor amount and volume [135-136], and
selecting appropriate synthetic methods and surface modification [137]. Thus, the design
and development of advanced nanozymes are emerging topics of research. Among all
nanozymes iron oxide nanozymes with peroxidase like activity gain enormous attention
due to their biocompatibility, low-cost and unique magnetic properties. Over the past
several years, various surface modifications of iron oxide nanozymes €.g., coating with
polymers, surfactants, various metallic and non-metallic elements, metal oxides, silica, or
even biomolecules, have been reported. These surface modifications increase the stability
and dispersibility of nanozymes and also provide an additional capability for further
surface functionalization [138]. However, surface modification of iron oxide
nanoparticles with target-specific biomolecular probes involves complicated steps and
harsh conditions. Therefore, a facile preparation technique of carboxyl group-
functionalized iron oxide nanozyme with high catalytic activity and magnetic property is

highly desirable to detect disease specific biomarkers.

This research will explore the development of a starch-assisted method for the synthesis
of anovel class of carboxyl group functionalized iron oxide nanozymes (C-IONPs) which
will follow typical Michaelis-Menten kinetics. Carboxyl group-functionalized iron oxide
nanoparticles enable easy immobilization of target-specific biomolecular probes such as
antibodies, nucleic acids and aptamers onto their surfaces that will help to improve their
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biocompatibility and broadens the scope of their applications in biomolecule detection
electrochemically in a simple way. This study is also designed to use C-IONPs as
dispersible nano carriers to capture biomolecules from bulk populations and as a

nanozymes to generate enzyme catalytic responses for the analysis of biomolecules.

In recent years, exosomes have been used as diagnostic and prognostic markers for a
range of diseases, including cancer. Exosomes are nanovesicles released by almost all
cell types. This research intends to quantify exosomes from cancer cell line
electrochemically using C-IONPs. (In this case, the ovarian cancer cell line OVCAR3
will be used). The assay also will use C-IONPs to avoid using natural enzymes (HRP) for
enzymetic reactions that will reduce the assay cost, and this technology will serve the

purpose of on-site or (point of care) POC detection.

Recent evidence revel that quantification of global DNA methylation has emerged as a
promising approach for diagnosis and prognosis of cancers. This research will explore
liquid biopsy based global DNA methylation analysis applying C-IONPs as a dispersible
capture agent, avoiding bisulfate treatment, and will not rely on enzymes for signal

generation.

A practical advantage of electrochemical detection will have future implications in
translating to cheap assays using single use screen printed electrodes, which is an ideal
tool due to their low cost, disposability and design flexibility as compared to traditional

electrode materials.
Objectives
The main objectives of the proposed research are:

1. Synthesis of iron oxide nanoparticles with peroxidase-mimicking activity and
magnetic property by adopting facile and eco-friendly gel formation techniques

using starch.

ii.  Investigation of enzyme mimicking properties and kinetic parameters along with
chemical, structural and morphological characterizations of the synthesized iron

oxide nanoparticles.
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1ii. Decoration of -COOH group chemically onto magnetic iron oxide nanozymes for
isolating bio-molecules (Exosome, and DNA methylation) from body fluid

directly.

iv.  Devising nanozyme based electrochemical bio-sensor for the detection of DNA-

methylation and exosomes.
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CHAPTER TWO

2 Synthesisand Characterization of -COOH Functionalized M agnetic

Iron oxide Nanozymes

2.1 Introduction

Rationally engineered nanomaterials with intrinsic enzyme-like characteristics, termed as
nanozymes, have attracted widespread interest in recent decades as low cost and stable
alternatives to naturally occurring enzymes [1-3]. Nanozymes offer several advantages
compared to natural enzymes such as high stability, controllable and tunable catalytic
activity, robustness even in harsh environments, low cost and easy mass-production, and
capability for straightforward functionalization (bioconjugation) [4]. These inherent
functional advantages of iron oxide nanomaterials (e.g., FesO4 nanoparticles) coupled
with recent advances in computational materials design and elucidation of catalytic
mechanisms have enabled broad applications of nanozymes in industrial catalysis,

neuroprotection, stem cell growth, biosensing, and environmental remediation.

Redox-based nanozymes are one of the most widely researched groups and include
oxidases, catalases, superoxide dismutases, and peroxidases [1]. Peroxidase-mimicking
nanomaterials (e.g., Fe3OsNPs) were among the earliest discovered nanozymes that
exhibited the intrinsic ability to oxidize peroxidase substrates [3]. Using H>O; as an
oxidizing agent, catalytic oxidation of colorless substrates [3,3',5,5'-tetramethylbenzidine
(TMB), diazoaminobenzene, and O-phenylenediamine] generates the corresponding
colored products and has been widely used in biomolecule sensing studies using both
natural horseradish peroxidase (HRP) and peroxidase mimicking nanozymes as the
reaction catalysts. Various metallic (e.g., Au, Fe, Ag, Pt), nonmetallic (carbon quantum
dots, graphene etc.), and metal -derived (such as metal oxides/hydroxides/sulfides, metal-
organic frameworks (MOFs), and multi-metals) nanomaterials with peroxidase mimetic
activity have been reported [2]. However, due to their great potential in biomedical
applications, iron-based nanomaterials, particularly magnetic Fe3O4, have been one of the

most studied and engineered peroxidase mimetic materials.

Page | 45



The biocompatibility and unique magnetic properties of iron oxide nanoparticles (IONPs)
offer several advantages in biomedical applications, particularly biosensing.Peroxidase-
mimicking iron oxide can simultaneously provide multiple functions, i.e., capture and
magnetic purification of the target analyte from a complex medium, and nanozyme
activity for target detection [4]. Detailed analysis of catalytic activity of iron oxide based
nanozymes suggests a double displacement mechanism and higher affinity towards TMB
with lower affinity towards H2O> compared to HRP [2]. However, despite their huge
potential, there are several challenges to their biomedical applications. Precise control of
nanoparticles size and shape, the stability and dispersibility under physiological
conditions are some of the major challenges that need to be addressed [5]. Over the past
several years, various surface modifications of iron oxide nanozymes for example,
coating with polymers, surfactants, various metallic and non-metallic elements, metal
oxides, silica, or even biomolecules, have been reported [5]. These surface modifications
increase stability and dispersibility of nanozymes and also provide an additional
capability for further surface functionalization. Over the past several years, synthesis,
characterization, and application of a large number of iron oxide based nanozymes such
as mesoporous Fe;Os [6], mesoporous y- & a-FeoOs [7], FesOs NPs [3], platinum
decorated Fe3Os [8], Prussian blue modified y- Fe.Os3[9], gold-loaded iron oxide
nanocubes [10], Prussian blue-Fe;O3 [11], and graphene oxide modified-Fe>O3 [12], have

been reported (comprehensively reviewed in refs 13 and 14) [13-14].

Magnetic property of these nanozymes can be used for easy separation of target
biomolecules from complex biological systems. Despite promising platform of
nanozymes applications in life science and biosensor, nanozyme synthesis generally
suffer from technical challenges associated with both low catalytic activities and
specificity. In recent year, considerable effort has been applied to the design and
controlled fabrication of nanomaterial surface with functional group achieving specific
functional properties. However, surface modification of iron oxide nanoparticles with
target-specific biomolecular probes involves cumbersome steps and harsh conditions.
Thus, developing a facile method of carboxyl group-functionalized iron oxide nanozyme
with high catalytic activity and magnetic property would be transformative in the clinical

research of biomolecule detection.
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Herein, [ have introduced an environment friendly gel formation method for the synthesis
of a new class of carboxyl group-functionalized magnetic iron oxide nanoparticles (C-
IONPs) with peroxidase mimicking activity. The particles were synthesized using a
starch-assisted method followed by surface functionalization, and characterized by
scanning electron microscopy (SEM), transmission electron microscopy (TEM), dynamic
light scattering (DLS), Raman spectroscopy, X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS) analysis. Scanning electron microscopy and
transmission electron microscopy analysis confirmed that particles sizes possess in
nanoscale with porous shape. X-ray diffraction revealed their inverse spinal crystal
structure. X-ray photoelectron spectroscopy analysis and Raman spectroscopy emerged

surface functionalization by COOH group.
Experimental
2.1.1 Reagentsand Materials

All reagents and chemicals were of analytical grade and used without further purification.
Ferric nitrate nonahydrate Fe(NO3)3;.9H>0 and starch (soluble) were purchased from
Merck (Germany). Dopamine hydrochloride, succinic anhydride, toluene, hydrogen
peroxide (30% w/w in H»0), acetic acid (CH3—COOH), sodium acetate (NaCH3COO,
>99%) and tris buffer were purchased from Sigma Aldrich. Dimethyl sulfoxide (DMSO)
from Chem-Supply (Australia), and TMB >98.0% were purchased from Sigma Life
Science (Australia). Acetate buffer solution 0.1 M, pH 3.6 was prepared by mixing
NaCH3COO and CH3COOH stock solutions in appropriate quantities.

2.1.2 Synthesis of —-COOH Functionalized FexOs Magnetic Nanoparticles (C-
|ONPs)

Iron oxide magnetic nanoparticles (Fe;O3) were synthesized by starch assisted gel
formation method using Fe(NO3)3.9H20 as a source of iron and starch as gel forming
agent (Fig. 2.1). 50 mL of 0.248 M Fe(NO3)3.9H>0 solution was added slowly to 400 mL
of 12% starch solution using a burette, followed by heating at 70°C under vigorous
magnetic stirring. The heating and stirring were continued until the formation of thick

reddish gel was observed (~9 h). The gel was dried at 60°C for 48 h in a hot air oven. The
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dried gel was grounded physically in an agate mortar and heat treated at 650°C in a muffle
furnace for 4 h in the presence of air. 100 mg of the synthesized Fe;O3 nanoparticles were
dispersed in 50 ml DI water using sonication. Then 100 mg of dopamine hydrochloride
and 60.65 mg of tris buffer (pH 8.5) were mixed with nanoparticles and subjected to
continuous stirring for 24 h at room temperature for polymerization of dopamine
hydrochloride to polydopamine (PD). The PD-coated magnetic iron oxide (Fe.O3; @PD)

was separated and washed with DI water and ethanol several times.
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Fe,0,@PD@-COOH Fe,0,@PD

Figure 2.1 Flowchart diagram describing the workflow for the synthesis of —-COOH
functionalized iron oxide.

The -COOH group was then introduced on Fe;O3@PD surface with succinic anhydride.
150 mg of Fe,O3@PDwas dispersed in 100 mL toluene and 750 mg succinic anhydride
was added in the suspension under sonication and the mixture was placed in the dark for
2 h. The prepared -COOH functionalized magnetic Fe,Os3 particles (C-IONPs) were
separated and washed with toluene several times and dried in the ventilating cabinet

overnight.
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2.1.3 Characterization of C-IONPs

The surface morphology and particle size of C-IONPs were investigated using SEM and
TEM. A TESCAN MIRA3 FEG-SEM with an in-beam detector was used for SEM
analysis while TEM images were obtained with a JEOL 2100 TEM, operated at an
accelerating voltage of 200 KV. The surface composition of the samples was analyzed by
X-ray photoelectron spectroscopy (XPS). The XPS spectra were measured in AXIS Supra
photoelectron spectrometer (Kratos Analytical, UK) with aluminum anode to produce X
rays. [Al Ko (hV = 1486.7 eV)]. All the samples were drop casted on aluminum foil,
which is grounded with the carbon tape to prevent charging. Charge compensation was
also used to record the wide and high-resolution data from each sample. The crystalline
structure of the synthesized nanoparticles was characterized by X-ray diffraction (XRD),
PW3040, X’Pert Pro, Philips, Amsterdam, and The Netherland) using Rigaku CuKa
radiation source at 40 kV, 30 mA, within the range of 20°-75° at a rate of 1°/min. The
vibrational spectra of molecular bonds of sample were obtained by using inVia™
(Renishaw) Raman spectrometer with a laser source of wavelength 785 nm.
Hydrodynamic size of C-IONPs was measured by DLS using a DynaPro® Plate Reader
IIT (Wyatt Technology, CA, USA) at 25 °C and the results were analyzed by DYNAMICS
software (Wyatt Technology). Magnetic measurements were performed using a Mini
cryogen-free 5 T system (Cryogenics Ltd. London, UK). Magnetization of the IONPs and
C-IONPs was measured using a vibrating-sample magnetometer (VSM) at room

temperature (295K) with a sensitivity of 10-6 emu and a maximum magnetic field of 5 T.
2.1.4 Peroxidase-like Activity of C-IONPs

The peroxidase-like activity of C-IONPs was examined through the catalytic oxidation of
TMB in the presence of HxO.. The TMB stock solution was prepared in
dimethylsulfoxide (DMSO) while H>0O: solution was prepared in 0.2 M sodium acetate
(NaOAc) buffer (pH 3.6). Unless otherwise stated, all C-IONPs/TMB/H>0, reactions
were performed in dark, at room temperature, for 20 min, and in a total reaction volume
of 50 pL. Initially, five different quantities of the nanozyme, 5, 10, 15, 20, and 25 pg were
examined to determine the optimal nanoparticle amount for catalytic reaction (Fig. 2.2).
The reaction was carried out in the presence of final concentrations of H>O> and TMB as

700 mM and 800 uM respectively. For steady-state kinetics analysis, a fixed
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concentration of H2O» (700 mM) was used while TMB concentration was varied between
100 and 1000 uM. similarly, at a fixed TMB concentration of 900 uM, the concentration
of H>O» was varied from 100 to 1000 mM.
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Figure 2.2 Optimization of C-IONPs concentration. Mean responses of absorbance
obtained for the designated concentration of (5, 10, 15, 20, and 25 ug) of C-IONPs.
Peroxidase-mimicking activity C-IONPs was performed in the presence of 800 uM TMB
and 700 mM H>0O», in 0.2 M acetate buffer (pH 3.6) at room temperature. UV-vis
absorbance was recorded at 652 nm.

A separate set of experiments were conducted to compare the catalytic activity of HRP
where two concentrations of TMB 500 uM and 1000 uM were tested in the presence of
700 mM H>03, and 0.5 ng HRP (diluted in PBS, pH 7.4). Development of blue color was
observed with naked eye, and additionally the intensity (absorbance at 652 nm) of the
colored solution was measured using benchtop ELISA plate reader Infinite 200 PRO
(Tecan Life Science) in time scan mode (Fig. 2.3) The apparent kinetic parameters were
estimated based on the simplified Michaelis—Menten and Lineweaver-Burk equations
(1/Vo = Km/Mmax / [S] + 1/Vmax) as previously described [7-9] where Vo is the initial
velocity, Ky is the Michaelis constant, Vmax is the maximal reaction velocity, and [S] is

the concentration of the substrate [15]. The initial velocity (Vo) was converted to molar
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Figure 2.3 Comparison of nanozyme catalytic activity of C-IONPs with HRP. For (A),
TMB = 500 uM, H20,= 700 mM and Fe>Os= 15 pg; (B), TMB = 500 pM, H>02= 700
mM and HRP = 0.5 ng; (C), TMB = 1000 pM, H20.= 700 mM and Fe;O3= 15 pg/uL,
and (D), TMB = 1000 uM, H20,= 700 mM and HRP = 0.5 ng).

change from UV-vis absorbance data using the Beer-Lambert Law, A = ¢bC (¢ is
absorbance coefficient, b is path length of vitric cuvettes, and C is the molar concentration

of oxidation product of TMB) with e =3.9 x 10* M 'lcm ' and b= 1 cm. [1,16]
Results and Discussion
2.1.5 Preparation and Electron Microscopic Characterization of C-lONPs

We adopted a novel starch assisted gel formation method to prepare C-IONPs. Most of
the currently available iron oxide nanoparticles synthesis methods are either costly or
involve high energy consumption and high ecological footprint. In comparison, our
method is eco-friendly because it uses low-cost abundant materials like starch for
synthesis of iron oxide. (Fig. 2.4) schematically shows the overall process for the
formation of C-IONPs. Detailed mechanisms of nanoparticle formation through our
starch-assisted method is currently not clearEarlier reports have suggested that starch
captures the Fe** ions into amylose surface, which is a helix-like structure, and allows the

formation of Fe-O bond. When high temperature heat treatment is applied in the presence
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Figure 2.4 schematic diagram of synthesis and functionalization of iron oxide.

of air, starch molecules are pyrolyzed by removing water and carbon dioxide, and the Fe-
O bond is converted to Fe,Os nanoparticles [17].It can be assumed that in our method,
the nucleation and growth of particles start from ions adsorbed on the helical surface of
amylose. These amylose chains, in the presence of water, form a gel upon heating most
probably due to the intermolecular and intramolecular hydrogen bonding and formation
of coordination bonds with metal ions, thus providing a suitable environment for the

formation of oxide with a controlled growth of particles.

In order to functionalize the Fe>Os nanoparticles surface by -COOH group a mussel-
inspired technique was employed Fe>O3 surface was first modified by polydopamine (PD)
via self-polymerization of dopamine at basic condition (pH >7.0) [18]. Dopamine can
form a polydopamine coating on virtually all types of materials even under wet
conditions. Dopamine creates a five-member metallocycle chelate with Fe2Os by
improved orbital overlap (Fig. 2.5) and reduces the steric hindrance of the iron complex
[19]. The PD surface has unique chemical characteristic with active amine functional
groups, and the presence of amine functional groups on Fe>O3 surface enable further
surface modifications. I used succinic anhydride to introduce -COOH groups to the Fe;O3

surface. Succinic anhydride is a five-membered cyclic structure that is highly reactive
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Figure 2.5 Mechanism of reaction between the iron oxide nanoparticles and dopamine.

towards a nucleophilic functional group like amine. The nucleophile can easily attack at
one of the carbonyl groups resulting in opening of the anhydride ring which leads to the
formation of a covalent bond and releasing of the other carbonyl group which ultimately

generates the -COOH on the surface of PD coated Fe,Os (Fig. 2.6).

N
/ \ #0 NHCOCH,CH,COOH
\_/ — »

Toluene

Succinic anhydride

Figure 2.6 Mechanism of reaction between the amine group of polydopamine and
succinic anhydride to produce free carboxyl group on the iron oxide surface.

The morphology and size of the nanoparticles was examined by SEM and high-resolution
TEM imaging analysis. Typical SEM and TEM images of Fe2O3 nanoparticles and C-
IONPs are shown in (Fig 2.7) and indicate that Fe,O3 nanoparticles exhibit size in below
100 nm and porous structure and C-IONPs reveal uniform size distribution and spherical
shape. The average diameter of the C-IONPs was observed to be approximately 250 nm.
After functionalization particle size increased due to the presence of inter molecular bond
of COOH and NH: functional groups. TEM image of C-IONPs revealed surface
functionalization of Fe>Os3 nanoparticles clearly. The bright field TEM image (Fig. 2.7d)
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Figure 2.7 SEM (a) and TEM (b) image of Fe2O3 nanoparticles, SEM(c) and TEM (d)
image of C-IONPs.

shows dark spots around particles, which is caused by the oxidation of -COOH ligands
by high energy electron beams.To further investigate the process of the functionalization
of Fe>O3 by carbon-based ligand, energy dispersive spectrum was used within TEM to
map the selected area for elemental analysis (Fig. 2.8). The C Ka signal in Figure 2.8
corroborates our assumption of functionalized Fe>O3 nanoparticles, with Fe and O as

other elements present in the sample.
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Figure 2.8 Energy dispersive X ray mapping of elements (C, Fe and O) in sample of
carboxyl group-functionalized magnetic Fe2O3 nanoparticles (i.e., C-IONPs).

The selected area electron diffraction (SAED) indicates the crystalline nature of
nanoparticles (Fig. 2.9).The d-spacing from the microgram was calculated and was found

to be comparable to the d-spacing of a standard Fe>O3 sample (JCPDS card 39-1346).

1/(0.07nm)

Figure 2.9SAED pattern of C-IONPs

A comparison of our nanoparticles with the standard sample along with the hkl indexes

is shown in Table 1.
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Table 1 d-space values calculated from electron diffraction pattern and standard atomic
spacing obtained of Fe>O3 along with their hkl indexes from JCPDS card (39-1346).

Ring Calculated d spacing JCPDS card Hkl
1 3.39 3411 211
2 2.52 2.5177 311
3 2.06 2.08 400
4 1.60 1.6073 511

In addition, DLS analysis also revealed uniform hydrodynamic size distribution of the
nanoparticles. Hydrodynamic radius of the C-IONPs was found to be 318.4 + 13.58 nm
with a polydispersity of 41.25% + 6.86 (Fig. 2.10). As is evident from imaging analysis,
our novel starch assisted gel formation method was able to provide a precise control over
the shape and size of the C-IONPs, similar to the sol-gel method, because gel formation
in our method occurs under suitable conditions. Morphological uniformity observed in
the imaging analysis not only indicates that the polydopamine capping remains intact
during the synthesis and post-synthesis processing, it also shows stability of the
nanoparticles against agglomeration. Physicochemical properties of nanoparticles like
reactivity, magnetization, catalytic activity etc. are highly dependent on their
morphology, and therefore precise control over nanoparticle shape and size is highly
important. Moreover, considering the potential application of these nanoparticles for
magnetic capture of biomolecules, a spherical shape may provide an additional advantage
as spherical magnetic nanoparticles can be magnetized homogenously in any direction.
Fe»0O3 nanoparticles tend to aggregate and form large clusters losing their dispersibility
in the absence of proper surface coating because of their large surface area and
hydrophobic interactions between the nanoparticles. Bare Fe>O3 nanoparticles also tend
to lose their magnetism due to oxidation in air. Therefore, various surface coating
approaches have been introduced to address this challenge. Surface functionalization of

Fe»O3 with organic materials is one of the most common methods used for passivation of
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Figure 2.10 Dynamic Light Scattering (DLS) analysis of C-IONPs. (&) Correlation
function of C-IONPs (b) Hydrodynamic size of C-IONPs. The hydrodynamic radius of
nanoparticles was found to be 318.4 + 13.58 nm.

nanoparticle surface as in addition to providing chemical stability; they can introduce
various surface functional groups thus further expanding the application of FexOs
nanoparticles. -COOH groups coating on magnetic nanoparticles is one of the most
sought-after surface functionalizations because they can prove to be extremely useful for
medical and bio-analytical research. The -COOH group functionalized materials have
several advantages including (i) -COOH group is hydrophilic in nature therefore
COOH @ Fe>O3 can be easily dispersed in water thus increasing their capacity to capture
the analyte and (ii)) -COOH group can be covalently bonded with primary amines. Each
polypeptide chain carries primary amines (-NH2) at the N-terminus and in the side chains
of lysine amino acids. In proteins, primary amines are usually found outward facing,
making them more accessible for conjugation without denaturing protein structure.
Furthermore, the size of commercially available -COOH functionalized magnetic beads

is in the range of 1-5um whereas our synthesized C-IONPs particles have much less
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diameter (in the range of 250 nm) and further reduction of the size can be achieved by

modifying synthesis protocols and applying suitable preparation techniques.

2.1.6 X-Ray Photoelectron Spectroscopic (XPS), Raman Spectroscopy and X-ray
Diffraction (XRD) Pattern Analysis of C-IONPs

In order to further investigate the oxidation state of Fe and the chemical composition of
the sample, XPS studies of the sample were done. The XPS survey spectra (Fig. 2.11a)
of C-IONPs show that Iron (Fe 2p, 711 eV), Carbon (C1, 285 eV), and Oxygen (Ols, 531
eV) elements are contained in functionalized Fe2Os3 nanoparticles. Since C-IONPs are
functionalized with —COOH functional groups, a considerable amount of carbon
(16.61%) was observed apart from Fe (26.58%) and oxygen (50.89%). The high content
of carbon could be due to the presence of the starch network. The small signal was

observed at 74.0 eV and it represents aluminum substrate.

The high-resolution O1ls spectrum (Fig. 2.11b) can be deconvoluted into two peaks. The
peak at 535.94 eV (89.41%) corresponds to C-O bond present on the surface of
nanoparticles due to ligand. The second peak at 532.09 (10.59%) can be associated with
Fe-O bond of core. The deconvoluted peak of Ols at 530.5 eV and 534.6 eV could be
indexed to Fe-O and C-O, respectively compared with previous reports as well [6,20-21].
It should be noted that initially the XPS signal from core was not obtained. The sample
was sputtered with helium ion cluster to remove the ligand from the surface for depth

profiling and the signal was recorded afterward.

The recorded survey scan after each interval of profiling is shown in (Fig. 2.11c). It is
clear from depth profiling of C-IONPs that they were coated by carbon-based ligands.
After each interval of etching the sample with helium ion cluster beam, the wide scan was
again recorded. The etching removes the ligand layer around the passivated nanoparticles
and hence Fe signal from core begins to increase corresponding to carbon (Fig. 2.11c).
Moreover, in the high-resolution scan of Fe 2p, it is evident that the energy separation of
Fe2ps» between the envelope (713 eV) and satellite (721.3 eV) was 8.3 eV, in the case of
Fe 2pi12 it was 8.9 eV between the envelope (727.5 eV) and satellite (736.4 eV) as shown

in Fig. 2.11d. The energy separation value is in accordance with oxidation state of Fe**,
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Figure2.11(a) XPS survey spectrum of C-IONPs; (b) deconvoluted Ols, and (C) the XPS
wide signal recorded at interval T1, T2, T3, T4 and T5 after etching with cluster beam of
helium ions; (d) deconvoluted Fe 2p.

which is different from Fe?* value (~5 eV). No other forms of iron ions (Fe® and Fe?*)

were detected, confirming that the obtained iron oxide is Fe>Os.

A wide-angle XRD measurement was performed for confirming the crystal structure and
phases of the synthesized materials. Fig. 2.12 shows the XRD pattern of Fe;Os,
Fe>O3@PD and C-IONPs. The position and relative intensities of the reflection peaks of
Fe>O3 nanoparticles were found to be well consistent with the XRD diffraction peaks of

standard y-Fe20O3 sample [JCPDC card no 39-1346].
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Figure 2.12 XRD diffraction peaks for Fe>Os (black), Fe2O3@PD (red) and C-IONPs
(blue).

The peaks of synthesized Fe-O3 at 26 = 30°, 36°, 43°, 54°, 57°, 64° and 75° are assigned
to (220), (311), (400), (422), (511), (440) and (444) plane respectively of the y-Fe>O3
inverse spinal structure. The major peaks of the Fe2O3@PD and C-IONPs are similar to
the y-Fe2O3. The PD and succinic anhydride coating on the iron oxide do not bring any
significant change in the peak position. The XRD data reveals that the effect of the surface
modification on the crystalline structure of y-Fe,Os is negligible. Peroxidase catalytic
activity of iron oxide nanoparticles immensely depends on their crystalline phases, such
as wustite (FeO), goethite (FeOOH), magnetite (Fe3Os), hematite (a-Fe;O3) and
meghematite (y-Fe203). Among them, meghematite (y-Fe2O3) shows higher peroxidase
mimicking activity as compared to the other polymorphs of iron oxide because of their
inverse spinal crystal structure, which possess cation vacancies that facilitate the rate-
limiting step of Fenton and Harber-Weiss reaction mechanisms [7,22]. In y-Fe;0Os3, all iron

atoms are perfectly ordered and iron cations are in trivalent state. These perfectly ordered
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vacancies of iron oxide, which follow P4212 crystal space group, may contribute towards

the achievement of higher peroxidase activity at room temperature [23].
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Figure 2.13 Raman spectrum of C-IONPs.

Raman spectra were obtained for the identification of the phase and surface coating of the
C-IONPs (Fig. 2.13). The bands observed at 408, 498, and 660 cm™ are closely matched
with the Raman active phonon modes of the inverse spinal structure of Y-Fe>O3 at 365
cm’! (T2y), 500cm’™! (Eg) and 700 cm’! (A ), respectively [24-25]. The inverse spinal
structure of the C-IONPs was also confirmed by XRD analysis as described before. The
band at 608 cm™! could be associated with the splitting of 700 cm™! band. The intense and
board band at around 1313cm™ could be due to the coupling of C=C stretching and N-H
bending, confirming the presence of poly dopamine structure on the particle surface [26].
Furthermore, the characteristic band found near 1600 cm™! was due to the C=0 stretching

of carboxylic acid groups present on the C-IONPs surface [27].
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2.1.7 Magnetic Propertiesof C-IONPs

In order to understand the influence of -COOH group on magnetic properties of Fe;Os
nanoparticle, we studied the magnetization of bare IONPs and C-IONPs as a function of
applied magnetic field. Fig. 2.14 shows a comparison of magnetization curves obtained
for bare IONPs and carboxyl functionalized nanoparticles C-IONPs at room temperature.
It can be seen that both bare IONPs and carboxyl-functionalized nanoparticles C-IONPs
demonstrate superparamagnetic characteristics with small hysteresis, remanence and
coercivity. A remanent magnetization and coercivity of Ms=2.39 emu/g and 1.97 emu/g
and Hec = 0.013 T are obtained for bare and C-IONPs, respectively. The open hysteresis
loops of magnetization as a function of magnetic field indicate a ferrimagnetic ordering
at room temperature for both bare IONPs and C-IONPs. The magnetic saturation values
are 18.98 and 10.45 emu/g for bare IONPs and C-IONPs, respectively. The decrease in
magnetic saturation for C-IONPs is attributed to the enhancement of the nonmagnetic

mass due to the effect of functionalized IONPs on the surface of magnetic nanoparticles.
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Figure 2.14 Room temperature field dependent magnetization curve of the bare IONPs
and C-IONPs. The inset shows the hystresis loops of the bare IONPs and C-IONPs.
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2.1.8 Peroxidase like Activity of C-1ONPs.

In order to demonstrate the peroxidase-like activity of C-IONPs, a set of experiments
were initially conducted in the presence and absence of C-IONPs. The TMB/H>0:
substrate solution was incubated in the dark for 20 min at room temperature with or
without C-IONPs. As shown in Fig 2.15a, the reaction with C-IONPs generated a clear
blue colored solution at the end of incubation while no color change was observed in the
reaction without C-IONPs (negative control). Similarly, as shown in Fig. 2.15b, UV-Vis
analysis showed seven-time higher absorbance at 652 nm for the sample with C-IONPs

as compared to the negative control sample.
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Figure 2.15 Peroxidase-mimicking activity of C-IONPs; (a) a typical photograph of C-
IONPs catalyzed oxidation of TMB in the presence of H>O; (blue color, positive control;
colorless, negative control); (b) absorbance (UV-vis) data for the negative and positive
control samples. The experiments were carried out using 15 pg of C-IONPs, 800 uM
TMB and 700 mM H>0; in 0.2 M acetate buffer (pH 3.6) at room temperature; (C)
schematic illustration of the peroxidase-mimicking activity of C-IONPs for the oxidation
of TMB.
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Catalytic oxidation of TMB produces a blue colored cation free charge transfer complex,
which shows maximum absorbance at 652 nm. The addition of strong acids (2.0 M HCl)
to the reaction yields the yellow colored diimine oxidation product with an absorbance
maximum at 450 nm. While both colored compounds can be monitored visually as well
as via UV-Vis spectrophotometry, yellow colored product is electroactive. Thus, the
nanozyme catalyzed TMB reaction can be used for the development of quantitative
biosensing platforms based on the electrochemical quantification of the yellow-colored

product [14].

As the concentration of enzyme has a direct effect on the rate of reaction, we first
determined the optimal amount of C-IONPs needed for subsequent kinetics studies. We
set up a series of experiments whereby the concentration (quantity) of the C-IONPs was
varied from 5 — 25 ug keeping the concentrations of TMB and H2O> constant (700 mM
H>0 and 800 uM TMB). As shown in Fig. 2.2, in the presence of excess substrate
amounts, the absorbance values obtained at the end of a 20 min incubation increased
proportionally with the increasing amount of C-IONPs. A higher absorbance indicates a
higher amount of blue colored complex, which in turn indicates a proportional increase
in the rate of reaction as the reactions were incubated for an equal amount of time. As is
evident from the Fig. 2.2, the relationship between the nanozyme concentration and
reaction rate remained linear within the range of C-IONPs quantities and substrate
concentrations tested. 15 pug was selected as the optimum C-IONPs quantity for

subsequent steady-state kinetics analysis.

In order to further elucidate the peroxidase mimicking activity of C-IONPs, steady-state
kinetics of C-IONPs towards TMB and H>O> oxidation were evaluated by the method of
initial rates. The TMB concentrations were varied between 100 and 1000 uM keeping
H>O; concentration constant (700 mM) while for H>O» the concentrations were varied
from 100 to 1000 mM in the presence of 900 uM TMB. Michaelis—Menten curves were
constructed for C-IONPs within the examined concentration ranges for both TMB (Fig.
2.16a) and H>O: (Fig. 2.16Db).
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Figure 2.16 Steady-state kinetic analysis using the Michaelis-Menten model (a, b) and
Lineweaver—Burk double-reciprocal model (c, d) for 15 uguL™! C-IONPs; (a) TMB =
100-1000 uM, H20, = 700 mM and (b) TMB = 900 uM, H>0, = 100-1000 mM).

The reaction kinetic parameters are represented as Km (Michaelis-Menten constant) and
VMax (maximal rate of reaction). The Kv value is identified as an indicator of enzyme
affinity towards the substrate: a lower Ky value indicates higher substrate affinity and
vice versa [7,28]. The higher the Vmax value, the faster the activity (desirable for a rapid
response and to minimize sample background effects). The corresponding values of Kwm

and Vmax were estimated from double reciprocal plots (Fig. 2.16c and 2.16d). These
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values were found to be 0.0992 mM and 0.156x10® Ms™! for TMB and 114 mM and
0.197x10® Ms™! for H,O». respectively.

o o -
» o) )

Absorbance (652 nm)

o
o
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Figure 2.17 Comparison of nanozyme catalytic activity of C-IONPs with HRP. For (A),
TMB = 500 pM, H20-= 700 mM and Fe;O3= 15 ng; (B), TMB = 500 uM, H202= 700
mM and HRP = 0.5 ng; (C), TMB = 1000 uM, H20,= 700 mM and Fe>O3= 15 ug/uL,
and (D), TMB = 1000 uM, H20,= 700 mM and HRP = 0.5 ng).

I also calculated the catalytic constant (Kca) using the following relationship [29]. Kca =
Vmax/ [E], where [E] represents the nanoparticle concentration. The calculated values for
the Kca were found to be 1.04 x10* Ms™! g ! for TMB and 1.31x10* Ms™! g *! for H>0..
Finally, I compared the catalytic activity of natural peroxidase horseradish peroxidase
(HRP) with C-IONPs. As expected, HRP showed a higher peroxide-like activity
compared to C-IONPs (around 10 times with 500 uM and 13 times with 1000 uyM TMB)
as illustrated in Fig. 2.17. However, the values of Ky and Vmax for C-IONPs clearly

indicate their strong potential as HRP substitutes.

Several iron oxide-based peroxidase-mimicking nanomaterials have been reported in the

past. Table 2 compares the findings of current research work with previous reports.
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Table 2 The obtained kinetic parameters of Fe2O3 in comparison with the previous
findings

Catalyst Substrate Km(mM) | VMax(108Ms™!) | Ref
TMB 0.0992 0.156 This work

C-IONPs H20» 114 0.197
TMB 0.098 3.44

Fe;04 MNPs H>0» 154 9.78 3

Mesoporous v- | TMB 0.0997 52 5

Fe;0s H>0» 144.30 1.84

Mesoporous a- | TMB 0.5304 543 7

Fe;03 H>0» 127.92 3.77

Mesoporous Fe.O3 | TMB 0.298 7.36 6
H>02 146.7 6.37

Prussian Blue | TMB 0.307 1.06 8

modified y- FeO3 | H2O2 323.6 1.17

Au-NPFe,O3NC TMB 0.0429 5.882 9
H>0» 138.5 4.770

PB-Fe>03 TMB 0.009 12.3 10
H>0» 15 22.8

Graphene  oxide | TMB 0.118 5.38 11

(GO)- Fey 03 H>0O» 305 1.01

The obtained values of Km and Vmax for our C-IONPs were in many cases comparable to
previously reported Fe>Os-based nanoparticles. For example Ky value towards TMB of a
recently reported mesoporous y- FeoO3 nanoparticles was shown to be 0.0997 which is
comparable to the C-IONPs reported in this work while for a- Fe2Os it was reported as
0.5304 which is significantly higher than our C-IONPs [7]. Similarly, affinity of our C-
IONPs towards TMB was comparable to the peroxidase mimicking Fe3;O4 magnetic
nanoparticles reported by Gao et al. in their pioneering work [3]. Likewise, C-IONPs
reported in this study showed significantly lower Ky values towards H>O2 as compared

to these three nanozymes (Table 2). While Prussian blue-modified Fe,O3 reported by
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Dutta et al. showed much better affinities towards both TMB and H20: in comparison to
that of our C-IONPs, our C-IONPs offer the additional advantage of -COOH groups for
easy conjugation to proteins and -NHz-terminated DNA probes, indicating their immense

potential for biosensing applications
Conclusions

In this work, a new class of carboxyl group-functionalized magnetic Fe>O3 nanoparticles
have been synthesized applying starch-assisted method and showed that they exhibit
intrinsic peroxidase-mimetic activity towards TMB and H20O.. Scanning electron and
transmission electron microscopy analysis revealed that the nanoparticles possess a
spherical shape with an average size of ~ 250 nm. X-Ray Photoelectron Spectroscopic
(XPS), and X-ray Diffraction (XRD) Pattern analysis showed that the obtained iron oxide
is Fe2Os3 that possess inverse spinal structure. Raman spectroscopy emerged that -COOH
group present on the nanoparticles surface. Peroxidase-mimicking activity of C-IONPs
was investigated through catalytic oxidation of 3,3",5,5'-tetramethylbenzidine (TMB) in
the presence of H2O». The results showed that nanoparticles follow typical Michaelis-
Menten kinetics and exhibit excellent affinity towards TMB and H>O» with estimated Km
and Vax values of 0.0992 mM and 0.156x10® Ms !'for TMB, and 114 mM and 0.197x10
8 Ms! for H,0», respectively. The particles showed comparable or superior peroxidase-
mimetic activity compared to other iron oxide-based nanomaterials. The presence of
carboxylic acid -COOH groups on to their surface, the C-IONPs can potentially be
conjugated to various antibodies and DNA based probes and hence offer immense

potential in biomolecule detection.
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CHAPTER THREE

3 Direct Isolation and Detection of Exosomes Using Functionalized

Iron oxide (C-1ONPs) Nanozymes

Introduction

Exosomes are small membrane-bound extracellular nanovesicles (30-150 nm) released
by almost all cell types by fusion of an intermediate endocytic compartment.
Consequently, exosomes can be found in various body fluids like blood, urine, and saliva
[1-5]. Exosomes were first coined nearly 30 years ago since then used as a cell-to-cell
communication and transmission of disease states. Due to their high cell-of-origin
specificity, exosomes have increasingly been recognized as promising biomarkers for a
range of disease conditions, including cancers. In addition to the exosomes themselves,
biomolecules like proteins, DNA, and RNA which are packed inside the exosomes have

also been demonstrated as powerful disease biomarkers [6-11].

Thus isolation, detection and quantification of exosomes have gained immense research
interest, particularly for the development of minimally invasive disease diagnosis
platforms. Over the past decades, plenty of conventional methods such as Western
blotting, Enzyme-linked immunosorbent assays (ELISAs), Immunoaffinity-based
method, commercial isolation kit and differential centrifugation have been used
extensively for the analysis of exosomes in body fluids [12-18]. Western blotting and
Enzyme-linked immunosorbent assays (ELISAs) usually require a large amount of
sample and extensive technical steps for Exosome detection. Although Differential
centrifugation methods are inexpensive, these need several preparation steps and long
assay time from several hours to overnight. While commercially available kit-based
isolation methods incur additional costs and rely on bulky instruments. Immuniaffinity-
based exosomes analysis have been revealing as a promising strategy to isolate exosomes
of a specific origin, using the affinity interaction between exosomal proteins and their
specific antibodies. However, the efficiency of these methods is highly dependent on
exosomes membrane markers and respective antibodies. Boriachek et al. developed a

method for direct isolation and detection of disease specific exosomes using super-
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paramagnetic gold-loaded ferric oxide nanocubes. Without any pre-isolation steps, the
method achieved a high sensitivity of detecting 10° exosomes/mL directly from the
complex cell culture media [19-17]. However, current exosome detection methods are
cumbersome and expensive. In order to circumvent these issues, a facial, sensitive single-
step method is inevitable to detect exosomes that would be transformative in the clinical

research of exosomal biomarkers.

With the advent of nanotechnology, nanozymes have gained enormous interest in
biomedical applications. The biocompatibility and unique magnetic properties of iron
oxide nanoparticles (IONPs) offer several advantages in biomedical applications,
particularly biosensing. Peroxidase-mimicking iron oxide can simultaneously provide
multiple functions, i.e., capture and magnetic purification of the target analyte from a
complex medium, and nanozyme activity for target detection [20]. Detailed analysis of
catalytic activity of iron oxide based nanozymes suggests a double displacement
mechanism; higher affinity towards TMB with a lower affinity towards H>O> compared

to HRP.

In this study, a simple and direct exosomes isolation method was developed based on
synthesized carboxyl group-functionalized magnetic iron oxide nanoparticles (C-IONPs).
The particles were synthesized using a starch-assisted method followed by surface
functionalization, and characterized by different spectroscopy methods that have been
explained comprehensively in previous chapter (chapter two). The peroxidase-like
activity of C-IONPs was investigated by studying the catalytic oxidation of peroxidase
substrate TMB in the presence of H2O> at room temperature (Chapter two). Herein, I
demonstrated the applicability of C-IONPs both as (i) “dispersible nanocarriers” to
capture bulk populations of exosomes and (ii) nanozymes to generate enzyme catalytic
responses for the analysis of cancer-specific exosomes. C-IONPs were initially modified
with a generic antibody CD9 and used as “dispersible nanocarriers” to capture exosomes
directly from cell culture media. Captured exosomes were subsequently immobilized onto
screen printed carbon electrodes (SPCEs) pre-functionalized with ovarian cancer specific
CA125 antibody, then followed by chronoamperometric detection exploiting the
peroxidase-mimicking activity of C-IONPs via the hydrogen peroxide/ hydroquinone

(H202/HQ) system.
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Experimental
3.1.1 Reagentsand Materials

Unless otherwise stated, the reagents used for the experiments were of analytical grade
and purchased from Sigma Aldrich (Australia). Anti-CD9 and anti-CA125 antibodies
were purchased from Abcam, Ultrapure DNase/RNase-free distilled water (Invitrogen,
Australia) was used to carry out the experiments. Extraavidin-modified screen-printed
carbon electrodes (DRP110XTR) were purchased from Dropsens (Spain). Hydroquinone
and hydrogenperoxide solution were purchased from thermo Fisher Scientific Australia.
Ovarian cancer cell line OVCAR3 and non-cancerous mesothelial cell line MeT-5A were

purchased from American Type Culture Collection (ATCC),

3.1.2 Cedll Cultureand I solation of Exosomes

Ovarian cancer cell line OVCAR3 and non-cancerous mesothelial cell line MeT-5A were
maintained in phenol red-free RPMI 1640 medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin.
Cultures were maintained in a humidified incubator at 37 °C with 5% CO.. After they
reached 70% confluence, the media was removed and cells were washed with 1X
phosphate-buffered saline (PBS) and finally supplemented with growth medium
containing 10% exosome depleted FBS and 1% penicillin/streptomycin (exosome
media). Cells were incubated for another 60 h and the conditioned medium (containing
exosomes) was collected. Cells and debris were removed from the conditioned media by
centrifuging at 2000 g for 30 min and supernatant was transferred to clean 1.5 mL
microcentrifuge tubes in 50 uL of phosphate-buffered saline (PBS;10 mM, pH 7.4) and

stored at -20 °C for further use.
3.1.3 Cryo-Transmission Electron Microscopy (Cryo-TEM)

For cryo-TEM, 4 pL of exosome isolated from the cell-culture media were directly
adsorbed onto lacey carbon grids (Quantifoil, Germany) and plunged into liquid ethane,
using an FEI Vitrobot Mark 3 (FEI Company, The Netherlands). Grids were blotted at
100% humidity at 4 °C for about 3-4 s. Frozen/vitrified samples were imaged using Tecnai

T12 Transmission Electron Microscope (FEI Company) operating at an acceleration
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voltage of 120 kV. Images were taken at 30,000x magnification, (approximate dose of
13.6 electrons/A 2), using an FEI Eagle 4k CCD (FEI Company), and SerialEM image

acquisition software.
3.1.4 Preparation of Anti-CD9 Conjugated C-IONPs

Antibodies against CD9 were conjugated to —COOH functionalized iron oxide
nanoparticles through standard EDC/NHS coupling following previously published
protocol [21-22]. Briefly, 1 mg C-IONPs were dispersed in 0.1 M MES buffer, pH 5.
Using DynaMag 2 magnetic separation rack (Thermo Fisher Scientific Australia) the
nanoparticles were washed 3 times with MES buffer and finally resuspended evenly in
500 uLL MES buffer by repeated pipetting up and down. To activate the -COOH modified
Fe>O3, EDC and NHS were added in the ratio MNPs: EDC: NHS = 1:4:6 mg and
incubated for 15 mins at 37 °C with continuous rotation. C-IONPs were separated
magnetically from the reaction mixture and 500 uL of anti-CD9 antibody (10 ugmL™)
diluted in 10 mM PBS buffer pH 7.4 was mixed with activated C-IONPs (C-IONPs: Ab
= Img: 5ug). The activated C-IONPs/anti-CD9 mixture was incubated at 4 °C overnight
with continuous rotation followed by magnetic separation and 3 X washing with PBS
buffer. Anti-CD9 conjugated C-IONPs were finally resuspended in 1 mL PBS buffer. To
verify the successful conjugation of C-IONPs with the anti-CD9 antibody FTIR spectra
for both conjugated and unconjugated C-IONPs were recorded in the range of 500 - 3500
cm! on a Nicolet 5700 FT-IR spectrometer (Nicolet Inc., Madison, USA) by transmission
FTIR spectroscopy

3.1.5 Direct Isolation of Exosomesfrom Cell Culture Media and Plasma Samples

100 pL of conditioned cell media was mixed with 5 uL of anti-CD9 conjugated C-IONPs
and incubated for 30 min at room temperature on a reciprocating shaker. The exosomes
attached C-IONPs were magnetically isolated and washed three times with 1X PBS.
Isolated exosomes were finally transferred to CA-125 antibody functionalized screen
SPCEs. For negative control (no template control, NTC) 100 puL of fresh exosome media
was used instead of conditioned media. For known spike of exosomes in plasma samples,
they were initially isolated from OVCAR3 derived exosome conditioned media using a

commercially available Total Exosome Isolation Reagent (from cell culture media) (Cat
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# 4478359, ThermoFisher Scientific, Australia) as per manufacturer’s instructions.
Known concentrations of exosomes were spiked in human plasma (Cat # P9523, Sigma
Aldrich). Exosomes were isolated directly from 100 pL of spiked in plasma samples using

anti-CD9 conjugated C-IONPs as described above.
3.1.6 Fabrication of Sensor and Chronoamper ometric Detection of Exosomes

Unless otherwise stated, all incubation steps were carried out at room temperature with
shaking at 300 rpm, and electrodes were washed with 1X PBS and air dried between each
step. The sensor for exosome detection was fabricated by incubating 10 uL of 10 pgmL~
Uof biotinylated anti-CA 125 onto extravidin modified SPCE (DRP-110XTR, DropSens)
for 30 min. The free surface was passivated by incubating the electrode with 10 uL of 1%
BSA for 20 min. Magnetically isolated exosomes were then added onto the sensor surface
and incubated for 30 min. Exosomes were chronoamperometrically detected at the
potential of -200 mV vs Ag/AgCl for 200 sec. 35 pL of freshly prepared 1.0 mM solution
of hydroquinone (HQ) was added onto the sensor surface and the chronoamperometry
was run. After the stabilisation of the background current (around 50 sec), 35 pL of 0.1
M H;0O: was added onto the electrode surface and the reaction was allowed to continue
until the steady-state current was achieved (at >200 sec). The difference between the
steady-state currents for the sample and corresponding background (Ai) was calculated.
In a separate set of experiments, exosomes isolated from OVCAR3 cell culture media
using a commercial kit were directly deposited onto the sensor surface. In this case, HRP-
conjugated anti-CD9 antibody was used to catalyze the HQ/H>O, reaction and the

chronoamperometric response was recorded as above.
Results and Discussion
3.1.7 Sizeand Vesicular Compartments of Exosomes

Cryo-TEM analysis suggested that the isolated exosomes contained double-walled lipid
membrane layers (Fig. 3.1) with the average size estimated to be 120 + 5.17 nm. The
morphological characteristics obtained here corroborate with previous evidence,

suggesting that these vesicles are probably of exosomal origin [19-23].
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Figure 3.1 Cryo-TEM images of OVCARS3 cell derived exosomes demonstrating size
and vesicular compartments such as membrane layers.

3.1.8 FTIR Analysisof C-IONPsand Anti-CD9/C-IONPs

As can be seen in Figure 3.2, FTIR analysis provided the evidence both for the presence
of surface -COOH groups on unconjugated C-IONPs as well as successful crosslinking
reaction. For unconjugated C-IONPs, strong broad peak between 3300-2500 was
observed indicative of O-H stretching in -COOH group present on the nanoparticle
surface. Similarly, strong C=0 stretching peak around 1706 cm™ was also observed. In
contrast, several new peaks emerged in anti-CD9 conjugated C-IONPs. Most important
among these, considered to be the characteristic peaks of amide bonds, were a strong peak
at 1661cm™, 1551 cm’!, and 1361 cm! due to stretching of associated C=0O primary amide
I, amide II, amide III respectively and a medium peak around 3113 cm™! attributable to

amide B N-H stretch.
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Figure 3.2 FTIR analysis of C-IONPs and anti-CD9/C-IONPs.

3.1.9 Direct Isolation and Detection of Exosomes

Taking advantage of the magnetic collection/separation and peroxidase mimetic activities
of C-IONPs as well as the presence of -COOH group on the nanoparticle surface, we
designed an assay for direct capture and electrochemical detection of exosomes derived
from ovarian cancer cells. The schematic representation of steps involved in the isolation
and detection of exosomes is depicted in Fig. 3.3. In the first step, C-IONPs were
functionalized with exosome specific CD9 antibody (hereafter referred to as C-
IONPs/anti-CD9) via standard N-(3-Dimethylaminopropyl)-N'"-ethylcarbodiimide
hydrochloride (EDC)/N-hydroxysuccinimide (NHS) coupling reaction. CD9 is an
exosomes specific protein that is found on the membrane of almost all types of exosomes.
I therefore used C-IONPs/anti-CD9 to capture the bulk exosomes population from cell
culture media. First, I dispersed C-IONPs/anti-CD9 into the cell culture media to
selectively bind to the exosomes population (referred to as C-IONPs/anti-CD9/Exo). The
C-IONPs/anti-CD9/Exo were magnetically purified with
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Figure 3.3 Schematic representation of the assay for the direct detection of ovarian cancer
cell-derived exosomes. CD-9 antibody functionalised-C-IONPs were dispersed in the
conditioned exosome media derived from OVCAR3 or Met5a cell lines. After magnetic
isolation and separation, the exosome-bound C-IONPs were incubated onto an extravidin-
modified screen-printed carbon electrode pre-functionalized with biotinylated anti-CA-
125.The immunocomplex formed on the electrode surface (C-IONPs/anti-CD9/Exo/anti-
CA-125/SPCE) was then treated with H2O2/HQ and chronoamperometric measurement
at 0.2V (vs. Ag/AgCl) was used to get the amperometric current.

multiple magnetic washing and isolation steps and collected by pipetting out supernatant
solutions. In the second step, extravidin modified SPCEs were functionalized with
biotinylated CA-125 antibody (referred to as anti-CA-125/SPCE) through standard
biotin-avidin chemistries [24]. Anti-CA-125 is a well-known ovarian cancer biomarker
and is overexpressed in ovarian cancer derived exosomes. Thus, ovarian cancer specific
exosomes present in the captured bulk population were sub-populated via incubating
purified C-IONPs/anti-CD9/Exo with anti-CA-125/SPCE (referred to as C-IONPs/anti-
CDY9/Exo/anti-CA-125/SPCE). The amount of sandwiched exosomes between surface
bound CA-125 and C-IONPs-attached CD9 antibodies were detected by measuring the

cathodic current generated by HQ mediated enzymatic reduction of H20x.
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3.1.10Assay Functionality and Specificity

To check the assay functionality, the levels of the CA-125-specific exosomes present in
the positive and negative samples were studied by comparing the chronoamperometric
currents. The positive control samples contain as prepared exosomes-derived from
ovarian cancer cell line OVCAR3 with the defined bulk exosomes concentration of 1x10’
exosomes/mL, where the negative control (referred to as NTC) contains exosomes-
derived from non-cancerous mesothelial cell line MeT-5A. As can be seen in Fig 3.4a,
the amperometric current for the positive sample is over 11-times higher than that of the
NTC sample (change in current for positive and negative samples are 386 and 35 nA
respectively). In another experiment without the use of the CD9 antibody on the C-IONPs
surface (referred to as “no antibody control”’; NAC), the assay protocol for analyzing as-
prepared OVCAR3-derived exosomes (i.e., 1x10” exosomes/mL) resulted in a
significantly low level of the amperometric signal (22 nA). This low response could be
due to the absence of C-IONPs nanozymes on the anti-CA-125/SPCE surface. A slightly
higher current (27nA) was observed in a control experiment, when no exosomes were

present in the sample (referred to as Blank).

The slightly higher current in the Blank experiment could be explained by the fact that C-
IONPs/anti-CD9 could be nonspecifically attached onto the anti-CA-125/SPCE surface.
In the last control experiment, CD9 antibody without conjugation with the C-IONPs (i.e.,
no nanoparticle control, NNPC) was mixed with the as-prepared (undiluted) exosome
samples. The samples were then processed identically to the positive sample and resulted
in a very low level of amperometric current (i.e., 15 nA). Clearly, the lowest level of the
response was due to the absence of C-IONPs onto the anti-CA-125/SPCE surface. The
level of the amperometric signals generated in these control experiments was significantly
lower than that of the positive control. The higher response obtained for the CA-125-
specific exosomes could be explained by considering the fact that (a) covalent attachment

of CD9 antibody onto
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Figure 3.4 Chroamperometric responses obtained for positive and four control
experiments. Positive = undiluted conditioned exosome media derived from OVCAR3
cells, NTC = Undiluted conditioned exosome media derived from Met5a cells, NAC =
no-antibody control, NNPC = no-nanoparticle control. Inset in (a), enlarged view of the
amperograms. (b) Corresponding Ai. Error bars represent the standard deviation of three
repetitive experiments.

the surface of nanoscale C-IONPs (i.e. large surface area nanoscale C-IONPs allows a
large number of CD9 antibodies on the surface) enhance the capture of the target
exosomes via strong immunoaffinity interaction between a large number of active sites
of C-IONPs/anti-CD9 and exosomes and (b) magnetic nanoparticle-based mixing,
separation and purification steps further enhance the sensitivity by increasing capture
efficiency and separating the target exosomes from the nontarget species present in the

samples. This magnetic nanoparticle-based purification and collection of C-IONPs/anti-
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CDY9/Exo could also be one of the key factors to achieve such low background responses
in the control experiments mentioned above. The direct immobilization of anti-CA-125
onto the extravidin-modified SPCE surfaces was followed by the blocking with 1%
Bovine serum albumin (BSA) for 20 min. This step could also contribute to reduce the

nonspecific adsorption of biological molecules onto the anti-CA-125/SPCE surfaces.
3.1.11Assay Sensitivity

The sensitivity of our assay was tested by analyzing designated concentrations of
OVCAR3-derived exosomes present in the cell-culture conditioned media. The samples
were prepared by serial dilution of the media from 1:1 to 1:16 in the buffer, correlating
to 1x107 to 6.2 x10° exosomes/mL. The concentration of the exosomes present in the
conditioned media was calculated using nanoparticle-tracking analysis (NTA) as outlined
in previous report [19]. These samples were subjected to capture by the C-IONPs/anti-
CD?9 conjugates and subsequent identification by surface-bound CA-125 antibodies. We
observed an increasing steady-state current (and thus an increased Ai; Ai = steady-state
current for an exosome solution — steady-state current for black response) with increases

in the exosome concentration in the media (Fig.3.5).

This was attributed to the higher amount of the CA-125-specific exosomes being isolated
and subsequently bound onto the electrode surface. The relative standard deviation (%
RSD) of three independent measurements for the chronoamperometric readouts was
calculated to be <5.0%, suggesting good reproducibility of our assay. This data clearly
suggests that our approach could detect as low as 1.25 x10° exosomes/mL CA-125(+)
exosomes from cell-culture media (based on the signal to background noise = 3). This
limit of detection is much lower in magnitude than those of the existing immuno-affinity-
based methods that rely on microfluidic-based isolation and/or plasmonic-based readouts
[25-26], electrochemical biosensors [24-27], or conventional methods such as enzyme-
linked immunosorbent assay (ELISA). The detection limit for ELISA methods is in the
order of 107 exosomes/mL. The detection limit of our assay is also comparable to the
ExoSearch microfluidic chip [28], NTA or gNano [29] methods (all are in the order of

10° exosomes/mL).
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Figure 3.5 Amperometric responses obtained for serially diluted conditioned media
derived from OVCARS3 cells with known concentration of exosomes ((1x107 to 6.2x10°
exosomes/mL). Inset in (&), enlarge view of the amperograms. (b) Corresponding Ai.
Error bars represent the standard deviation of three repetitive experiment

However, this detection limit is several orders of magnitudes less sensitive than that of
the highly sensitive electrochemical methods based on gold-loaded nanozymes (10°
exosomes/mL) [19], aptamer recognition-induced multi-DNA release and cyclic
enzymatic amplification (70 exosomes/uL) [30] and nanointerdigitated electrodes (5

extracellular vesicles /uL) [31].

We also compared the catalytic activity of natural enzyme such as horseradish peroxidase
(HRP) towards HQ/H20; reaction with that of C-IONPs used in our assay. Known

concentrations of exosomes isolated using commercial kit were directly added to the anti-
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CA-125 functionalized electrodes. Subsequently, HRP-conjugated anti-CD9 were added
onto the sensor and chronoamperometric detection of exosomes was carried out using the
optimal parameters described above. A much higher current response was obtained for
HRP-catalysed HQ/H2O- reaction as compared to the C-IONPs used in our assay. A head-
to-head comparison of current response obtained by using HRP with that of C-IONPs is
shown in Fig.3.6 and indicates that HRP catalyzed reaction generated much higher
current response (i.e., approximately 10-times) and can provide higher sensitivity. Of
note, HRP catalyzed reaction generated remarkably higher signal to background noise
ratio for the lowest concentration of exosomes tested (6.25 x10° exosomes/mL) as

compared C-IONPs based assay.
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Figure 3.6 Comparison of HRP and C-IONPs catalyzed HQ/H>O: reaction and the
corresponding current response generated. HRP catalyzed reaction provided 9-11 times
higher current response compared C-IONPs. Error bars represent the relative standard
deviation of three experiments.

3.1.12Analysis of Known concentration of Spiked Exosomesin Plasma Samples

Despite lower sensitivity in detection of exosomes in comparison to the HRP-based assay,

our method offered a significant advantage in terms of kit-free direct isolation and
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detection of exosomes from target samples. In order to demonstrate the applicability of
our assay in direct isolation of exosomes from complex biological fluids, known
concentrations of exosomes were spiked in human plasma samples. Two different known
concentrations of exosomes (1.25 x10° and 1 x107 exosomes/mL) were spiked with
commercially obtained human plasma. Exosomes were then isolated from the spiked

samples using C-IONPs/anti-CD?9.
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Figure 3.7Amperometric responses obtained for the analysis of known concentration of
exosomes (1x107 and 1.25 x10° exosomes/mL). NTC corresponds to samples without
exosomes. (&) Comparison of current responses obtained for spiked-in plasma and buffer
(PBS) exosome samples. The inset in (D), shows the enlarged view of the corresponding
amperograms. Error bars represent the relative standard deviation of three experiments.

Fig. 3.7a shows a comparison of chronoamperometric response (Ai) obtained for the
exosomes isolated from spiked plasma samples, with that of buffer samples. As can be
seen in Fig. 3.7a, an almost similar response was obtained for exosomes isolated from

plasma samples as compared to buffer spiked samples for both the concentrations tested.
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It is worthwhile to note here that for negative control (plasma samples without exosomes),
a slightly higher but negligible current response was observed. The slightly higher
response may indicate interference from non-specific biological molecules present in the
complex sample matrix. However, similar to the buffer spiked exosome samples, our
assay was still able to obtain a signal to background noise ratio of >3 for the lowest
concentration tested (1.25x10° exosomes/mL) indicating the potential of our assay for
analyzing real samples. The corresponding chronoamperograms of spiked-in plasma

samples are shown in Fig. 3.7b.
Conclusions

In this work, carboxyl group-functionalized magnetic C-IONPs nanoparticles were used
to develop a simple method for the direct isolation and quantification of disease-specific
exosomes. Due to the presence of carboxylic acid -COOH groups on to their surface, the
C-IONPs can potentially be conjugated to generic CD9 antibodies thus offer immense
potential to be used as dispersible capture agents for exosomes separation and purification
from complex sample media. In a proof-of-concept method, this study demonstrated the
applicability of these nanoparticles for direct isolation and detection of CA-125 (4)-
specific exosomes from the ovarian cell culture media. The method can specifically detect
approximately 6.2 x10° exosomes/mL in the cell culture media. Although not
demonstrated in this study, the detection limit of the method is highly suitable for
analyzing disease-specific exosomes present in clinical samples (the average number of
exosomes in most clinical samples ranges from 1.0 x10° to 1 x10° exosomes/uL). The
main advantage of this method is the use of C-IONPs both as dispersible nanocarrier and
nanozymes. The method is not limited to the direct isolation and detection of CA-125 (+)
exosomes, and can be extended to other exosomes derived from a diverse range of tumor
types. Once the C-IONPs are synthesized and characterized, the method could be
performed within 90 min and at a relatively cheap cost of less than US$5 per run.
Electrochemical detection using disposable screen-printed electrodes has other benefits.
The use of these electrodes eliminates the need for a laborious and time-consuming
electrode cleaning process typically used for conventional disk electrodes. The assay also
avoids using natural enzymes for HQ/H>O» reaction, and thus reduces the cost, handling,

and storage facilities generally required for natural enzymes such as HRP. As C-IONPs
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shows high peroxidase-like activity for the oxidation of TMB in the presence of H20:
(TMB is a substrate for HRP in ELISAs), an additional advantage of these new materials
would be to develop a wide range of ELISA-type sensing methods for various biomedical,

plant, agriculture, and environmental applications.
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CHAPTER FOUR

4 Detection and quantification of DNA methylation using functionalized
iron oxide (C-1ONPs) based nanozymes

I ntroduction

Formation and maintenance of specific DNA methylation patterns is a prerequisite for proper
cellular functioning. Thus, aberrations in normal DNA methylation patterns and levels underlie
a range of diseases including cancers [1]. Altered DNA methylation is a defining feature in
almost all types of cancers and is considered to be among the earliest aberrations that lead to
malignant transformation of cells. Cancer cells are characterized by two distinct yet concurrent
changes in DNA methylation: an overall genome-wide decrease in DNA methylation levels
(i.e., global hypomethylation), and focal hypermethylation mostly at gene promoter associated
CpG islands (i.e., regional hypermethylation). Because of the key role that it plays in
carcinogenesis and ubiquitous occurrence in a variety of cancers, there has been a great deal of
interest in exploring the potential of DNA methylation as diagnostic and prognostic biomarker
for cancers [2-3]. Likewise, development of methods for DNA methylation analysis have also

been a major research focus in recent years.

Although locus specific changes in DNA methylation are an important cancer marker,
extensive efforts may be required to identify and validate aberrantly methylated genomic
regions which can provide a highly specific cancer diagnosis. Patterns of aberrant regional
methylation differ significantly between various cancers. There is also a considerable
interpatient variation in these DNA methylation marks between patients suffering from same
type of cancer, or even intra-patient variation depending upon the stage of the disease. Global
hypomethylation of the genome was the first epigenetic abnormality described in human
cancers and is associated with genomic instability, reactivation of retrotransposons, and loss of
imprinting. In contrast to locus specific hypo- or hypermethylation, global hypomethylation is
a ubiquitous early-stage marker common to almost all cancers. It has been reported that global
hypomethylation may appear at early stages of cancers, in some cases even in benign precursors
of malignant tumors. Therefore, global hypomethylation is a promising universal biomarker
for early detection of cancer and can potentially be used in development of platforms for rapid

assessment of disease progression as well as prognostic and theragnostic outcomes [4].
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Biggest challenge in analysis of global DNA methylation levels via conventional methods is
that most of them require several micrograms of DNA sample. For example HPLC based
methods require anywhere between 3-50 pg of DNA [5]. LC-MS/MS-based assays or
Luminometric Methylation Assay (LUMA) is among the most commonly used methods for
analysis of global DNA methylation levels. However, it relies on specialized instrumentation
and enzymatic treatment of DNA [6]. Similarly, spectroscopic/fluorescent detection based [7-
8], or dark-field microscopy-based methods [9] have also been reported but they involve
enzymatic treatment and amplification [10], cumbersome processing [11], or in other case
bulky equipment is required [12]. Pyrosequencing of LINE-1 repeat regions is an excellent
method that has been used to indirectly estimate the global DNA methylation levels. However,
it requires bisulfite conversion, which may degrade up to 99% of the DNA, as well PCR
amplification thus increasing the cost and processing time. Immunoquantification of global
SmC content via enzyme-linked immunosorbent assay (ELISA) is a well-established method.
ELISA may require as little as 10 ng of input genomic DNA and is well suited for routine
clinical analysis. However, in a comprehensive comparison of various DNA methylation
analysis methods conducted by The BLUEPRINT consortium, it was found that ELISA results
did not agree well with the characteristics of the reference samples, raising questions about the
reliability of its application in complex samples [13]. Therefore, a simple yet efficient and
robust method that can utilize relatively lower amounts of input DNA may be required for

global DNA methylation analysis.

In recent years, electrochemical biosensors have been developed as promising low cost and
simpler alternatives for biomarker detection, including DNA methylation, in biological
samples. Ergo, a large number of electrochemical platforms for DNA methylation analysis
have been reported over the years [14-18], including a series of platforms our group has
previously reported for profiling both locus specific and global DNA methylation levels [19-
23] Likewise, optical (including colorimetric) [24-25], surface enhanced Raman spectroscopy
(SERS) based [26], and surface plasmon resonance (SPR) based DNA methylation analysis
platforms have been developed [27].

Nanomaterials-driven biomolecule sensing methods have also emerged as up-and-coming
approaches due to the inherent versatility and facile tunability of nanomaterials. Nanomaterials
in biosensing have been used as optical probes, electronic conductors, as well as nanozymes
[28-29]. Moreover, several multifunctional nanomaterials have been developed in recent years
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that can be easily bioconjugated to DNA and antibody probes and thus can selectively capture
and isolate target analytes from complex samples [30]. Leveraging these multifaceted
characteristics of rationally designed nanomaterials, efforts have been made to develop
efficient epigenetic analysis platforms for various applications [23,31-33]. I have synthesized
anovel class of carboxyl group (~COOH) functionalized magnetic iron oxide nanoparticles (C-
IONPs) that was discussed in the previous chapter (in chapter 2). These particles are magnetic
and therefore can easily be used as dispersible capture agents to isolate circulating biomarkers
present in biological samples. These C-IONPs can be efficiently conjugated to -NH> group
containing biomolecules (e.g., antibodies). Moreover, these C-IONPs exhibit peroxidase
mimicking activity and can be used as nanozymes. These functionalities of C-IONPs have been
used to develop a method for direct isolation and detection of exosomes in complex biological

samples (in chapter 3).

Herein, I report a proof-of-concept method for analysis of global DNA methylation in synthetic
samples as well as DNA derived from cultured cells. This method utilizes C-IONPs covalently
conjugated to anti-5SmC antibodies via EDC/NHS coupling chemistries. First, anti-5mC/C-
IONPs were mixed with target DNA. Acting as nanosized capture agents the anti-SmC/C-
IONPs specifically bind to the methylated fraction of genome. The methylated DNA molecules
are subsequently magnetically isolated followed by direct adsorption onto a gold electrode via
gold-DNA affinity interaction [34]. The electrochemical quantification of global DNA
methylation levels was achieved by differential pulse voltammetric measurement of reduction
current of target-bound cationic [Ru(NH3)s]** which was electrostatically attached with the

anionic phosphate backbone of the adsorbed target DNA.
Materialsand methods

4.1.1 Materials

All reagents and chemicals were of analytical grade and used without further purification. CpG
Methylated Human Genomic DNA (100% methylated DNA, mDNA) was purchased from
ThermoFisher Scientific (Cat # SD1131). REPLI-g whole genome amplification (WGA) mini
kit (Cat # 150025), QIAquick PCR purification kit, and Blood and Cell Culture DNA Mini Kit
(Cat # 13323) were acquired from Qiagen (Hilden, Germany). Ferric nitrate nonahydrate
Fe(NO3)3.9H>O and starch (soluble) were purchased from Merck (Germany). Dopamine
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hydrochloride, succinic anhydride, toluene, and tris buffer were purchased from Sigma Aldrich
(Australia). Dimethyl sulfoxide (DMSO) from Chem-Supply and TMB >98.0% were
purchased from Sigma Life Science (Australia). Screen-printed gold electrodes (SPGE, DRP-
250BT) were acquired from Metrohm Dropsens (Spain).

4.1.2 Preparation of DNA Samples

Ovarian cancer cell lines SKOV3 and OVCAR3 and one non-cancerous cell line Met5Sa were
purchased from American Type Culture Collection (ATCC), USA. Cells were cultured in
RPMI-1640 growth medium supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (Life Technologies, Australia) in a humidified incubator at 37 °C with
5% COz. DNA was isolated from the cells using Blood and Cell Culture DNA Mini Kit. Fully
unmethylated (0% methylated) genomic DNA (umDNA) was prepared by whole genome
amplification (WGA) of SKOV3 DNA using REPLI-g mini kit as per manufacturer’s

recommendations and purified using QIAquick PCR purification kit.

4.1.3 Preparation of Anti-5mC Conjugated C-1ONPs (5mC/C-1ONPs)

Antibodies against SmC (Abcam ab73938) were conjugated to C-IONPs through EDC/NHS
coupling following previously reported protocol [35]. Briefly, 1 mg C-IONPs dispersed by
sonication in 0.1 M MES buffer pH 5 were washed 3 times with MES buffer and resuspended
evenly in 500 uLL MES buffer by repeated pipetting. EDC and NHS have added to the solution
in the ratio C-IONPs: EDC: NHS = 1:4:6 mg and incubated for 15 minutesat 37 °C with
continuous rotation. The particles were separated magnetically from the reaction mixture and
mixed with 500 puL of anti-SmC antibody (10 pgmL-1) diluted in 10 mM PBS buffer pH 7.4
(C-IONPs: anti-5-mC = 1mg: 5ug) followed by overnight incubation at 4 °C with continuous
rotation. After 3 times washing with PBS buffer, antibody conjugated C-IONPs were
resuspended in 1 mL PBS buffer. To verify the successful conjugation of C-IONPs with the
anti-5mC antibody FTIR spectra for both conjugated and unconjugated. C-IONPs were
recorded in the range of 500 - 4000 cm™ on a Nicolet 5700 FT-IR spectrometer (Nicolet Inc.,
Madison, USA) by transmission FTIR spectroscopy.
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4.1.4 Electrochemical Detection of Global DNA Methylation

DNA samples with designated levels of DNA methylation (0%, 5%, 25%, 50%, 75%, 95%,
and 100%), referred to as standards from hereon, were prepared by mixing appropriate volumes
of mDNA and umDNA. Cell line DNA and standards were diluted with 5X saline sodium
citrate (5X-SSC) buffer (pH 4) to a final concentration of 4 nguL'. 50 uL of DNA samples
were denatured at 95 °C to obtain ssDNA and quickly transferred to ice. Unless otherwise
stated, all incubations were carried out at room temperature with gentle shaking. To capture
methylated fraction of the DNA, 20 pL of anti-SmC/C-IONPs were mixed with 50 pL of
denatured DNA samples and incubated for 30 minutes. After incubation, methylated DNA
captured by anti-5SmC/C-IONPs was magnetically separated and washed 3 times with 5X SSC
buffer before finally being resuspended in 50 pL. 5X SSC buffer. Unless otherwise stated, each
of the following steps was followed by 3 times washing of the electrodes with tris-buffer (pH
7.4) and air drying. The captured DNA samples were dropped onto the working electrode of
electrochemically cleaned SPGE and allowed to adsorb for 10 minutes. Next, 50 uL of 50 uM
[Ru (NH3)s]** was dropped onto the electrode and incubated for 5 minutes. Amount of DNA
adsorbed onto the electrode surface was interrogated electrochemically by differential pulse
voltammetry (DPV) using a CH1040C potentiostat in the presence of 10 mM tris-buffer. DPV
measurements were conducted at room temperature with the following parameters: potential
step 4 mV, pulse amplitude 50 mV, pulse width of 50 ms, and pulse period 500 ms. At least

three replicates were measured for each sample and standard.
Result and discussion

4.1.5 FTIR Analysisof C-IONPs and Anti-5mC/C-1ONPs

Surface functionalization of iron oxide with terminal moieties like -COOH groups provides a
suitable base for attachment of biotargeting entities like antibodies and nucleic acids. These
biotargeting entities permit specific recognition of target analyte/biomarker thus enabling the
use of iron oxide particles in biomedical applications. Carbodiimide crosslinking of -COOH
functional groups with the -NH2 groups present in proteins (both at amino terminal as well as
arginine, lysine, and histidine side chains) is one of the simplest and straightforward
bioconjugation strategies (Fig. 4.1) and has been widely used for anchorage of protein and —

NH; group functionalized DNA probes onto the surface of terminal -COOH group containing
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NPs. EDC/NHS coupling reaction was used to conjugate the anti-5SmC to C-IONPs. FTIR
spectroscopy analysis of both unconjugated and anti-SmC conjugated C-IONPS was carried

out to confirm the successful conjugations can be seen in FTIR (Fig. 4.2) analysis,

Figure 4.1 Conjugation of anti-SmC antibody with C-IONPs by EDC/NHS coupling
chemistries.

For C-IONPs without conjugate with anti-SmC, the absorption peak at 1698 cm ! was emerged
for C=0 stretching for amide bond. The strong peak at 1732 cm ! and 2600-3200 cm !
indicated C=0 and O-H stretching for carboxylic acid. On the other hand, many new peaks
were observed in anti-5mc conjugate C-IONPs. Most important among these, considered to be
the characteristic peaks of amide bonds, were a strong peak at 1652cm™ due to stretching of
associated C=0 primary amide and a medium peak around 3500 cm™! attributable to amide N-

H stretch.
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Figure 4.2 FTIR analysis of C-IONPs and anti-5mC/C-IONPs

4.1.6 Principal of eMagnetoMethyl IP Method

The working principle of e-MagnetoMethyl IP is schematically presented in Fig. 4.3 and is
comprised of three steps. 1) Anti-SmC/C-IONPs are mixed with the DNA samples which leads
to the binding of methylated fraction of DNA with the antibody functionalized C-IONPs.
Methylated DNA is then “pulled down” or magnetically separated from the unmethylated
portion of DNA ii) Magnetically immunoprecipitated DNA is directly adsorbed onto the SPGE
via gold-DNA affinity interaction. 1iii) Using positively charged redox molecules,
[Ru(NH3)6]**, amount of DNA adsorbed on the gold electrode surface is electrochemically
estimated. In this method, the total amount of immunocaptured, isolated, and adsorbed DNA
onto the gold electrode in steps 1 and 2 is directly proportional to the level of methylation in
the target DNA sample. In step 3, the electrochemical estimation of electrode-adsorbed DNA
(and hence the DNA methylation) was achieved by measuring the reduction current of
[Ru(NH3)6]** (i.e. [Ru(NH3)6]** + ¢ = [Ru(NH3)s]**). [Ru(NH3)6]*" is a positively charged
transition metal complex that shows unique electroactive behavior on the surface of DNA
modified electrodes and has been widely used as a redox indicator for electrochemical

estimation of DNA.
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Figure 4.3 Schematic representation of the e-MagnetoMethyl IP method. Methylated DNA is
subjected to anti-SmC/C-IONPs mediated immunoprecipitation (IONPs-anti-5SmC/mDNA
complex). Immunoprecipitated DNA 1is adsorbed directly onto the SPGE surface and
electrochemically detected as a function of current response generated by the reduction of DNA
backbone-bound [Ru(NHj3)s]**molecules.

[Ru(NH3)s]**molecules lack planar aromatic groups so they cannot intercalate into DNA base
pairs. Therefore, in a solution of low ionic strength, [Ru(NH3)s]**molecules exchange with the
native charge compensation cations and associate with the DNA phosphate backbone solely
based on their electrostatic interaction. Moreover, it has been proved previously that under
conditions of saturation coverage [Ru(NH3)s]**provides complete charge compensation thus
electrostatic determination of the amount of electrostatically trapped [Ru(NH3)6]** provides a

direct estimation of the amount of DNA present on the electrode surface [36]. Increasing the
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concentration/amount of DNA on the electrode surface will lead to an increased accumulation
of [Ru(NH3)s]**molecules and a corresponding increase in current response. Combining this
principle with the highly selective anti-SmC mediated capture of the methylated fraction of
DNA and efficient magnetic separation characteristics of our novel C-IONPs, our assay
provided a simple yet powerful strategy for accurate and sensitive estimation of global DNA

methylation content in heterogeneous samples.

4.1.7 Functionality and Selectivity of the Assay

To test the functionality of our assay, anti-SmC/C-IONPs were mixed with fully 100%
methylated (mDNA) and fully unmethylated (umDNA) samples. An average peak current
density of 37.52 uAcm™ (%RSD = 2.97 for n= 3) was obtained for mDNA samples. In contrast,
the average current density for umDNA samples was found to be 17.92 uAcm™ (%RSD = 3.2
for n = 3). Representative DPV voltammograms obtained for the methylated and unmethylated
samples are depicted in Fig. 4.4a. Clearly, a >2-fold increase in current response was resulted
for mDNA compared to umDNA samples, indicating the feasibility of our method for the
detection of global DNA methylation levels.

As optimal analytical performance of a biosensor is highly dependent upon the experimental
conditions, we also sought to optimize parameters that might influence the capture efficiency
of anti-5mC/C-IONPs as well as DNA-gold adsorption kinetics. Incubation time of antibody
functionalized C-IONPs with the DNA samples is a crucial parameter as increased incubation
times may lead to increased non-specific binding of DNA on C-IONPs surface. On the other
hand, decreased incubation times may lead to reduced capture efficiency. I incubated both
mDNA and umDNA samples with anti-SmC/C-IONPs for different time periods (10, 20, 30,
45, and 60 minutes) and recorded the current response obtained. Triplicate experiments were
conducted for each time point (both mDNA and umDNA). Gradual increase in the current
response was observed for mDNA between increasing incubation time from 10-30 minutes.
However, after 30 minutes incubation no further increase in current response was observed.
umDNA did not show a substantial increase in current response up to 45 minutes of incubation.
However, after 60 minutes incubation slight increase in current response was observed (data
not shown). Therefore, 30 minutes incubation of anti-SmC/C-IONPs with DNA samples was
selected as optimum. Shiddiky groups previously demonstrated that 10 minutes incubation time

is sufficient to provide optimal adsorption of human genomic DNA onto the commercial 4.0
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mm-dimeter SPGE [23-37]. Therefore, an optimized incubation time of 10 minutes was
selected.

The specificity of the electrochemical signal observed in the assay is vital as several factors
may contribute to the generation of non-specific responses. To unambiguously establish that
the current response observed is primarily due to the [Ru(NH3)s]** bound to DNA, we
conducted several control experiments. Firstly, a no-target control (NTC) assay was carried out

where 20 puL of anti-SmC/C-IONPs were added to 50 uL of 5X-SSC buffer.
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Figure4.4 (a) Functionality of e-MagnetoMethyl IP method. ~2.5-fold higher current response
was obtained for mDNA (100% methylated DNA) compared to umDNA (0% methylated
DNA). (b) Specificity of the assay. Current response obtained by NTC (no-target control),
NAC (C-IONPs not conjugated to anti-SmC) and bare electrode was significantly lower
compared to sample with 5% methylated DNA. DPV measurements were conducted at room
temperature in the presence of 10 mM tris-buffer (pH 7.4).

As the sample did not contain any DNA, theoretically negligible current response was
expected. For the representative voltammograms shown in Fig. 4.4b, the peak current response
obtained for NTC and umDNA samples were 17.51 and 18.07 pAcm™, respectively. Thus,
current response obtained for NTC was slightly lower or almost similar to the one obtained for
umDNA (average 17.06 pAcm?, %RSD = 3.65% for n = 3 vs 17.92 uAcm for umDNA),

clearly indicating the specificity of the signal obtained in our assay.
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It has previously been shown that under acidic pH conditions the amino groups in
polydopamine may undergo protonation leading to an overall positively charged surface [33],
as DNA is negatively charged, this might lead to non-specific adsorption of DNA molecules
onto the PD coated IONPs. As our capture reaction is conducted primarily at acidic condition
(pH 4), this effect may interfere with the specificity of signal. In order to test whether this
suspected non-specific adsorption has any effect on the selectivity of the final current response
observed in our assay, C-IONPs not conjugated to anti-5mC were mixed with mDNA (no-
antibody control, NAC). As can be seen in Fig. 4.4b, NAC samples showed a current response
similar to umDNA and NTC (average peak current 17.82 uAcm, %RSD = 1.87% for n = 3.
Although the surface charge characteristics of our novel C-IONPs are currently not well
understood, based on the current results it can be inferred that negatively charged DNA does
not interact non-specifically with carboxyl functionalized IONPs. It might be due to the fact
that amine groups present on PD surface have been efficiently masked during the succinic

anhydrate based -COOH group functionalization.

In order to rule out the possible non-specific adsorption of [Ru(NH3)6]** molecules on SPGE,
I also tested the current response obtained after incubation of [Ru(NH3)e]** with a clean fresh
SPGE (without DNA). For the bare electrode reaction, 50 uL of 50 uM [Ru(NH3)6]** solution
was directly dropped onto a clean bare gold electrode and incubated for 5 minutes, followed
by 3X PBS washing and air drying. The average peak current response obtained for bare
electrode was lower compared to other controls (16.60 uAcm?2,%RSD = 1.04% for n = 3).
Lower current response obtained for bare electrode compared to NTC and NAC shows that the
lower amount of [Ru(NH3)s]** molecules which may get trapped non-specifically, due to the
nanosized asperities present on SPGE surface and other non-specific molecular interactions.
On the other hand, a slightly higher current obtained for NTC and NAC compared to the bare
electrode may indicate slight non-specific adsorption of [Ru(NH3)s]** on to the SPGE surface.
Mixing anti-5SmC/C-IONPs with a sample containing as low as 5% methylated DNA generated
a significantly higher current response (average peak current 18.53 uAcm™2, %RSD = 2.06%
for n = 3) suggesting the effect of background noise is negligible (Fig. 4.4b).

4.1.8 Analysisof Heter ogeneous DNA Methylation

In order to demonstrate the applicability of our assay to analyze heterogeneous levels of DNA

methylation, we mixed commercially available 100% methylated DNA (mDNA) with fully
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unmethylated WGA DNA (umDNA) in designated proportions to prepare a series of standards
with 0%, 5%, 25%, 50%, 75%, 95%, and 100% DNA methylation levels. As can be seen in
Fig. 4.5a, a current response corresponding to the percentage of methylation in starting sample

was observed.
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Figure 4.5(a) Differential pulse voltammetry analysis of heterogeneous DNA methylation
levels.DPV current changes are corresponding to level of DNA methylation in different
samples. (b) Average percent change in DPV current responses obtained for various DNA
methylation levels. DPV measurements were conducted at room temperature in the presence
of 10 mM tris-buffer (pH 7.4).Each data point represents the average of three separate
measurements, and error bars represent the standard deviation of measurements (%RSD = <
5% for n =3).

More importantly, our assay was able to reliably differentiate between methylation differences
as low as 5% (Fig. 4.5a). Percent change in DPV current response was calculated as follows:

% Increase in current response = (Is«d — lumpNa )/lumpna x 100 .... ... (1)
Where |4 is the current response obtained for sample of known DNA methylation percentage

while lumpna is the current response obtained for 0%, or unmethylated DNA sample. Average

percent change in DPV current densities (N = 3) observed for all the standards are given in Fig.
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4.5b. The error bars represent %RSD and were <5% indicating the intra-assay precision of our

method.

Considerable heterogeneity in the DNA methylation levels is observed in real biological
samples and small differences may have significant clinicopathological consequences. It has
been shown that different stages of cancer are correlated with different global methylation
levels. Moreover, CpG sites in human genome occur in very low frequencies (1/100 bp on the
average) [34], thus 5SmC forms only a very small portion of genomic DNA. Similarly,
circulating cell free DNA (cfDNA) originated from tumor cells (ctDNA) is an attractive target
for development of DNA methylation analysis based minimally invasive modalities for cancer
diagnosis and monitoring [35]. However, ctDNA comprises only a very tiny fraction of the
cfDNA repertoire. Thus, there are two major challenges: i) detection of low levels of
methylated DNA, and ii) reliable differentiation between subtle changes in DNA methylation
levels. Our assay was able to address both of these challenges by reproducibly detecting
methylation levels as low as 5% amongst 95% unmethylated DNA molecules and by
differentiating between methylation differences as low as 5% (compare 0% vs 5% and 95% vs
100%). This detection performance of our method is either comparable or better than that of
the previously reported nanotechnology-based global DNA methylation methods [20-23]. For
example, Wang et al. developed an SERS based platform for the detection of as low as 6.25%
changes in global methylation levels [23]. Similarly, Shiddiky group have previously reported
a porous nanozymes based global DNA methylation detection platform which could detect
10% methylation differences [20]. Thus, my method introduces an improvement to these
methods. In addition, our method does not rely on enzymatic processing DNA processing [23]
or rely on additional enzymatic reactions (TMB/H20-) for the generation of electrochemical
signal [20]. Although two methods reported earlier did achieve a resolution of 5% methylation
difference, both the methods similarly relied on enzymatic DNA processing [36] or TMB/H>0>
reaction [16]. In comparison, our current method introduces an enzyme-free and label-free

approach with similar analytical resolution.
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4.1.9 Analysisof DNA Methylation in Cell Lines

In order to test the applicability of our method to complex biological samples, I isolated
genomic DNA from two ovarian cancer cell lines namely SKOV3 and OVCAR3. I used
immortalized human mesothelial cell line Met5a as normal control. The genomic DNA was
processed as described earlier. The Current response obtained after adsorption of cell line DNA

onto the gold electrode is shown in Fig. 4.6
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Figure 4.6(a) Differential pulse voltammetry analysis of heterogeneous DNA methylation
levels. DPV current changes are corresponding to level of DNA methylation in different
samples. (b) Average percent change in DPV current responses obtained for various DNA
methylation levels. Each data point represents the average of three separate measurements, and
error bars represent the standard deviation of measurements (%RSD = < 5% for n =3). DPV

measurements were conducted at room temperature in the presence of 10 mM tris-buffer (pH
7.4).

As can be seen, cancer cell lines showed significantly reduced current response, indicative of
lower methylation levels, as compared to the normal cell line. The average current densities
obtained for non-cancerous Met5a cell line was 31.89 puAcm? (%RSD = 4.24 for n = 3)
(average current densities for 75% methylation standard was 32.35 uAcm™, see Fig 4.5b. On
the other hand, average current densities obtained for the OVCAR3 and SKOV3 cell lines were
28.12 (%RSD = 4.75 for n=3) and 27.5 pAcm™ (%RSD = 3.52 for n = 3) respectively (average
current densities for 50% methylation standard was 27.95 uAcm). Reduced levels of global
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DNA methylation are found in cancer cells in comparison to normal cells. These data for all
the cell lines were in accordance with previous reports [37-38].Thus, our assay accurately
differentiated between normal and cancer cells. Furthermore, the assay also showed good

reproducibility as inter-assay %RSD was found to be <5% (n =3).

Several novel biosensors have been reported for analysis of cellular DNA methylation content
and patterns [39]. Most approaches, however, have targeted gene specific (regional) DNA
methylation patterns [11-12,40]. Various global DNA methylation assessment platforms have
also been reported. However, they either include bisulfite treatment [16] or rely on enzymatic
processes for signal generation [19-20,41]. In comparison, my assay provides several
advantages which could pave the way for development of rapid global DNA methylation
quantification platforms. Firstly, coupling a well-established anti-5mC based enrichment of
methylated DNA with the magnetic properties of our nanoparticles can provide a very efficient
method for enrichment of low levels of methylated DNA sequences. Secondly, my approach
relies on direct adsorption of enriched DNA onto unmodified gold electrodes in contrast to
some of the previously reported methods which involve multistep sensor functionalization
steps [42]. Although the amount of input DNA used in our method is relatively higher
compared to some of the earlier reported methods (e.g., 0.2 ng [23] and 50 ng [20]), our method
is simpler yet provided sensitivity and reproducibility comparable to these methods or the other
previously reported HRP/TMB/H2O: enzymatic reaction based electrochemical DNA
methylation detection approaches [16]. Taken together our results demonstrate the excellent
performance of C-IONPs in accurately capturing methylated DNA from heterogeneous

samples with high sensitivity.

Conclusions

In this work, carboxyl group functionalized magnetic Fe>O3 nanoparticles was used for
development of the e-MagnetoMethyl IP method for the estimation of global DNA methylation
level in biological samples. Using only 200 ng of input DNA, our method could detect as low
as 5% methylation in heterogeneous samples. The method is also suitable for quantifying
different global methylation levels in normal and cancer cell line samples. The use of the
magnetic nanoparticles and 5-mC antibody-induced immunocapture/collection of methylated
DNA make the method highly specific and relatively simpler than the conventional bisulfite

treatment and asymmetric PCR amplification based methods. The use of direct affinity
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interaction of target DNA onto the disposable screen-printed electrodes also further simplifies
the method by avoiding laborious electrode cleaning procedures or complicated sensor
fabrication steps. Moreover, as the method does not rely on enzyme/substrate reactions for
signal generation, it reduces the cost of assay by saving on reagents. Overall processing time
of the assay is less than 90 min with a relatively cheaper cost of less than US$5 per sample.
Thus, this simple yet efficient method can pave the way for the development of next generation

global DNA methylation level-based cancer diagnosis and monitoring platforms.
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5 Conclusions

In this research, a starch-assisted gel formation method has been developed for the synthesis
of C-IONPs to mitigate some of the limitations of current synthetic techniques, such as
cumbersome steps, harsh conditions, and toxicity. Scanning electron and transmission electron
microscopy analysis revealed that starch assisted method was successfully used to synthesis
COOH functionalized ferric oxide (Fe2O3) nanoparticles with controlled size and morphology
in a facile way. The current research revealed that carboxyl group-functionalized iron oxide
nanoparticles (C-IONPs) showed Peroxidase-mimicking activity that was investigated through
catalytic oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) in the presence of H2O>. C-IONPs
nanoparticles follows typical Michaelis-Menten kinetics and exhibits excellent affinity towards
TMB and H>O» with estimated Ky and Vivax values of 0.0992 mM and 0.156x10°8 Ms™'for TMB,
and 114 mM and 0.197x10°® Ms™! for H>O», respectively.

C-IONPs were used to develop a rapid, easy and inexpensive method for the direct isolation
and quantification of disease-specific exosomes. C-IONPs were used as “dispersible
nanocarriers” to capture the bulk population of exosomes and were used as nanozymes to
generate an enzyme catalyzed current indicative of the presence of tumor-specific exosomes.
Chronoamperometric analysis showed that the method exhibits an excellent specificity for
OVCAR3 cell-derived exosomes (linear dynamic range, 6.25 x 10°—1.0 x 10’ exosomes/mL;
detection limit, 1.25 x 10° exosomes/mL) with a relative standard deviation of <5.0% (n=3).
Due to their excellent enzyme catalytic activity, ability to magnetically separate target from
bulk samples, and versatile bioconjugation capability (because of the -COOH group), C-IONPs
are a promising candidate for the development of advanced exosome biosensing assays for

various clinical applications

Furthermore, a magnetic nanoparticles-assisted methylated DNA immunoprecipitation (€-
MagnetoMethyl IP) coupled with electrochemical quantification of global DNA methylation
have been reported. The amount of DNA adsorbed on the electrode surface, which corresponds
to the DNA methylation level in sample, was electrochemically estimated by differential pulse
voltammetric (DPV) study of electroactive indicator [Ru(NH3)s]**bound to the surface-
adsorbed DNA. The assay could successfully detect as low as 5% differences in global DNA

methylation levels with high reproducibility (relative standard deviation (% RSD) = <5% for n
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= 3). The method could also reproducibly analyze various levels of global DNA methylation
in synthetic samples as well as cell lines. The method avoids bisulfite treatment, does not rely
on enzymes for signal generation, and can detect global DNA methylation using clinically
relevant quantities of sample DNA without PCR amplification. This proof-of-concept method
could potentially find applications for liquid biopsy based global DNA methylation analysis in

point-of-care settings.

Finally, this research discovered that a -COOH functionalized magnetic iron oxide nanozyme
can be used to detect cancer biomarkers in a sensitive and specific electrochemical manner,
laying the groundwork for the development of advanced nanomaterials for a variety of

diagnostic applications.
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